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FOREWORD 


The  overall  objective  of  this  48-month  interdisciplinary  program  was  to  investigate  fundamental 
microscopic,  macroscopic  and  continuum  phenomena  which  occur  between  bare  and  solid  lubricated 
ceramic  surfaces  exposed  to  a  variety  of  extreme,  triboenvironmental  conditions.  The  title  of  the  program 
is  "Determination  of  Tribological  Fundamentals".  DARPA  Order  No.  5177.  WRDC  Contract  No. 
F33615-85-C-5087. 

Key  government  personnel  monitoring  the  program  included:  Lt.  Col.  Steven  G.  Wax.  Dr.  Kay 
Rhyne  and  Dr.  Benjamin  A.  Wilcox  as  the  DARPA  Program  Managers  and  Bobby  D.  McConnell  as  the 
WRDC/MLBT  Project  Engineer.  Dr.  Larry  L.  Fehrenbacher  (TA&T.  Inc.,  Annapolis,  MD)  was  a 
consultant  to  DARPA,  assisting  in  the  programmatic  oversight  and  guidance  of  the  technical  efforts. 

Various  aspects  of  research  were  performed  within  the  Technology  Support  Division  of  the  Electro- 
Optical  and  Data  Systems  Group  (EDSG)  of  Hughes  Aircraft  Company,  under  the  direction  of 
Dr.  Michael  N.  Gardos  as  the  Principal  Investigator.  The  Hughes  Program  Managers  were  Dr.  Gardos, 
Robert  W.  Seibold,  Dr.  Arthur  B.  Naselow  and  Eati  B.  Holst  in  chronological  order  of  service.  The 
research  activities  were  conducted  by  personnel  at  EDSG  and  other  Hughes  groups,  ably  assisted  by 
expert  subcontractors  horn  academia  and  industry  located  in  this  country  and  Western  Europe. 

Hughes  personnel  performing  various  technical  tasks  included  Bonnie  L.  Soriano,  Bruce  W.  BuUer, 
Patrick  S.  Davis,  Gerald  L.  Meldrum  and  Phil  M.  Magallanes  (tiibotesting  and  data  reduction),  Leo 
Fiderer,  Dr.  Stuart  S.  Gasscl,  Larry  Czichola,  Hans  D,  Metzler  and  Jim  J.  Erickson  (tribotester  design), 
Crawford  R.  Meeks,  Ahn  A.  Tran.  John  P.  Harrell  and  Rick  Williams  (mechanical  artd  thermal  analyses 
by  computer  methods).  Dr.  Norman  H.  Harris,  Dr.  Daniel  A.  Demeo  and  Phyllis  J.  Kelleghan  (ceramic 
science  and  chemical  analysis),  as  well  as  Dr.  Mort  Robinson,  Mr.  Kevin  W.  Kiihy  and  Dr.  John  A.  Roth 
(CaF2/BaF2  single  crystal  growth,  polishing  and  analysis).  Special  recognition  is  given  to  Dora  A. 
Monteiro  (technical  publications). 

The  Hughes  subcontractors  and  the  DoD  scientists  which  closely  cooperated  within  the  coniines  of 
the  program  are  propeily  recognized  in  the  INTRODUCTION  AND  EXECUTIVE  SUMMARY  section. 
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1.  INTRODUCTION 


There  were  several  goals  to  this  research.  The  major  one  was  to  develop  a  strategy  for 
establishing  a  microscopic  atomic-level  understanding  of  the  fundamental  surface  processes 
ultimately  responsible  for  friction,  adhesion  at  surfaces,  and  abrasion.  The  major  focus 
was  on  ceramics  because  of  their  promise  both  at  high  temperature  (high  performance 
turbines)  and  at  low  temperatures  (space).  A  secondary  focus  was  on  the  solid  lubricants 
likely  to  be  important  in  these  severe  temperature  regimes. 

The  strategy  developed  here  for  obtaining  a  microscopic  atomic-level  understanding 
of  friction  involves  a  cooperative,  two-pronged  attack  using  both  theory  and  experiment. 
The  theoretical  approaches  use  the  techniques  of  quantum  chemistry,  molecular  mechanics, 
and  Monte  Carlo  sampling  to  simulate  at  the  atomic  level  the  dynamical  processes  involved 
in  tribology.  The  new  experimental  approaches  use  the  techniques  of  surface  science  to 
characterize  the  surface  species  and  to  measure  the  fundamental  forces  relevant  to  tribology. 

Critical  to  this  strategy  is  the  devemopment  of  a  sequence  of  tribologically  relevant 
systems  suitable  both  for  theoretical  study  and  amenable  to  development  of  procedures 
for  achic'v’ir.g  particTilar  surface  configurations.  This  is  necessary  so  that  experimentalists 
in  different  laboratories  using  different  techniques  will  obtain  reproducible  results  about 
the  same  surface  system.  It  is  also  essential  for  developing  theoretical  models. 
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2.0  SUMMARY  OF  THE  KEY  ISSUES 

2.1  Fundamentals  of  IVibology 

At  the  heart  of  such  technological  challenges  as  designing  the  next  generation  of 
high  performance  gas  turbines  is  the  critical  need  to  solve  extremely  difficult  tribolo^cal 
problems,  particiilarly  for  ceramic  components.  In  order  to  progress  substantially  in  this 
endeavor,  it  is  essential  to  establish  a  microscopic  atomic-level  understanding  of  the  funda¬ 
mental  surface  processes  ultimately  responsible  for  friction,  adhesion,  abrasion,  and  wear. 
Both  theory  (quantum  chemistry,  simulation)  and  experiment  (surface  chemistry,  surface 
physics)  are  essential  in  establishing  this  fundamental  microscopic  atomic-level  understand¬ 
ing  (see  Figiire  1).  At  the  most  basic  level,  all  of  tribology  is  chemistry,  i.e.,  making  and 
breaking  of  chemical  bonds  (adhesion,  oxidation,  chemical  dissolution,  movement  of  atoms, 
dislocations,  slip  planes).  Elucidation  of  the  chemistry  controlling  tribology  should  lead  to 
completely  new  strategies  in  designing  tribological  systems  for  extreme  environments. 

2.2  Hierarchy  of  Modeling 

The  overall  plan  is  to  establish  a  hierarchy  of  modeling  (see  Figure  2),  starting  at 
the  most  fundamental  with  quantum  theory  (electrons  and  nuclei),  proceeding  then  to 
atomic-level  molecular  dynamics/Monte  Carlo  simtdations  and  progressing  through  more 
approximate  lumped  parameter  models  involving  grains  instead  of  atoms  and  then  with 
more  approximate  descriptions,  involving  a  continuum  instead  of  grains.  This  progression 
allows  consideration  of  larger  systems  with  longer  time  scales,  albeit  with  a  loss  of  detailed 
atomic-scale  information.  At  each  level,  the  precise  parameters  (including  chemistry  and 
thermochemistry)  of  the  deeper  level  get  lumped  into  those  of  the  next.  The  overlap 
between  each  level  is  used  to  establish  these  connections.  This  hierarchy  allows  motion  up 
and  down  as  new  experiments  and  theory  lead  to  new  understanding  of  the  higher  levels, 
and  new  problems  demand  new  information  from  the  lower  levels. 
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Figure  2,  Sketch  indicating  the  relationships  and  connections  between  atomic-level  descrip¬ 
tions  of  materials  and  the  microscopic,  macroscopic,  and  engineering  models  used  in  rationalizing 
experiments  and  designing  new  materials. 
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2.3  Standard  Systems  for  Model  Experiments  and  Theory 

Critical  to  development  of  these  fundamentals  is  a  set  of  systems  tha '  -an  be  prepared 
and  studied  reproducibly  in  different  laboratories  by  techniques  capable  of  atomic-level 
resolution  and  smtable  to  test  the  results  of  theoretical  modeling. 


^-6 
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3.0  OUTLINE  OF  THEORETICAL  MODELING 

Although  there  have  been  rapid  advances  in  the  experimental  techniques  for  examin¬ 
ing  composition  at  surfaces  and  interfaces  relevant  for  catalysis,  tribology,  corrosion,  and 
materials  synthesis,  there  is  yet  very  little  in  the  way  of  a  microscopic  theoretical  model 
suitable  for  understanding  the  chemical,  physical,  and  mechanical  properties  in  terms  of 
atomic-level  structure  and  bonding  concepts.  We  recommend  a  broad-based  theoretical 
program  aimed  at  providing  the  fundamentals  for  constructing  such  an  atomic-level  micro¬ 
scopic  model  of  the  chemical,  tribological,  physical,  and  mechanical  properties  of  ceramic 
surfaces  and  interfaces.  The  approach  would  be 

1.  to  carry  out  a  series  of  quantum  chemical  studies  to  establish  the  dominant  sur¬ 
face  species  for  clusters  of  atoms  modeling  various  ceramics  and  to  elucidate  the 
thermochemistry  and  detailed  mechanistic  steps  involved  in  surface  reactions  of  such 
systems; 

2.  to  use  the  energy  surfaces  for  clusters  &om  (1.)  to  develop  theoretical  force  fields 
that  allow  predictions  of  the  energies  and  geometries  for  infinite  surfaces  and  inter¬ 
faces; 

3.  to  develop  procedures  for  molectilar  dynamics  and  Monte  Carlo  simulations  that 
in  conjunction  with  the  force  fields  &om  (2.)  co\ild  be  used  to  predict  the  rates 
for  various  diffusive  and  chemical  processes  relevant  for  tribology  and  for  materials 
synthesis  processes;  and 

4.  to  interface  the  results  of  these  simulations  onto  appropriate  graphics  systems,  al¬ 
lowing  the  designer  to  follow  a  three-<fimenrional  image  of  the  evolving  system  while 
interactively  changing  conditions  and  characteristics  of  the  systems. 

Through  simultaneous  examination  of  all  properties  of  the  surface  (chemical,  tribo¬ 
logical,  physical,  and  mechanical)  with  the  same  theory,  there  is  the  possibility  for  strong 
tests  on  different  aspects  of  the  theory.  In  addition,  such  a  central  theory  would  provide 
new  connections  between  these  properties  that  would  serve  to  relate  what  are  now  discon- 
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nected  experiments.  These  theoretical  developments  of  experimentally  relevant  systems 
should  provide  a  level  of  understanding  useful  in  designing  new  materials  with  useful  tri¬ 
bological  properties,  and  such  computer-aided  materials  simulations  should  provide  tools 
allowing  many  of  the  design  concepts  to  be  tested  on  the  computer  in  advance  of  attempting 
difHcult  syntheses  and  characterizations  in  the  laboratory. 

3.1  Simulations  of  Ionic  Solids 

Over  the  last  decade,  there  has  been  a  great  deal  of  progress  in  simulating  ionic  solids 
such  as  halides  and  oxides.*  Thus,  in  a  variety  of  systems,  it  has  been  possible  to  provide 
rather  accurate  predictions  of  the  energy  of  formation  of  such  point  defects  as  vacancies, 
vacancy-interstitial  pairs,*  and  substitutional  imptirities.*  In  addition,  it  has  been  possible 
to  obtain  useful  estimates  of  band  gaps  and  of  donor  and  acceptor  energies  for  various 
defects.* 

These  approaches  have  been  used  to  predict  rather  complicated  defect  equilibria  (e.g., 
vacancy  clustering^)  and  have  been  used  to  predict  diffusion  in  ternary  oxides’  and  the  de¬ 
tailed  transport  properties  of  fast  ion  conductors  (e.g.,  CaPj,®’'*  Agl,'*’®  and  -AI2O3).  Even 
heavily  doped  systems  have  been  treated.’  For  alkali  halides,  surface  reconstruction,*’’** 
surface  energies,*’  and  point  defects  on  surfaces**  have  also  been  calculated,*’’**  and  in¬ 
deed  even  grain  boundary  properties  have  been  predicted.**  Critical  to  such  calculations 
are  the  potentials.  The  most  successful  seem  to  be  those  of  Catlow**  in  which  empirical 
two-body  potentials  are  fitted  to  experimental  structure  and  elastic  constants,  and  a  sim¬ 
ple  shell  model  of  the  atomic  polarizabilities  is  fitted  to  the  dielectric  properties.  However, 
use  of  approximate  theoretical  ion-ion  potentials  (in  conjunction  with  a  shell  model  for 
polarizability)  has  also  been  reasonably  successful.*® 

Despite  the  above  successes,  it  appears  that  a  totally  new  approach  will  be  necessary 
in  order  to  attack  the  problems  relevant  to  tribology  of  ceramics.  The  use  of  empirical 
two-body  potentials  implicitly  includes  the  effect  of  three-body  and  higher  interactions, 
which  makes  these  potentials  dependent  upon  the  structure  being  considered  (thus,  the 
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F“-F~  potential  in  alkali  halides^**  is  significantly  different  from  that  in  CaFa.**^  This 
leaves  completely  open  the  question  of  what  to  use  at  surfaces,  grain  boundaries,  disor¬ 
dered  regions,  etc.  In  addition,  for  many  systems  of  interest,  there  will  be  insufficient 
empirical  data  to  determine  the  potentials.  Worse  yet,  many  of  the  systems  of  interest 
are  quite  covalent  (e.g.,  Si3N4,  WC)  and  hence  outside  the  province  of  the  above  methods. 
However,  it  appears  that  purely  theoretical  methods  ctm  be  used  to  determine  all  potential 
parameters. 

3.2  Simulation  of  Covalent  Systems 

Quantum  chemistry  approaches  have,  over  the  last  decade,  led  to  a  number  of  ad¬ 
vances  in  our  understanding  of  surface  science  and  catalysis.^  ^  These  studies  typically 
involve  calculating  the  electronic  wavefunctions  for  a  molecule  as  a  function  of  nuclear 
geometry  to  obtain  energy  surfaces  for  ground  and  excited  states  and  then  examining  the 
role  of  these  energy  surfaces  for  various  reactions.  Such  quantum  chemical  studies  will  be 
important  as  the  first  step  in  examining  surface  configurations  for  various  ceramic  surfaces; 
however,  to  contribute  a  new  understanding  of  tribology  of  ceramics,  it  will  be  necessary  to 
develop  methods  for  simulating  the  reaction  dynamics  on  realistic  models  of  these  ceramic 
surfaces. 

For  the  important  materials  questions  relevant  for  ceramics,  one  must  necessarily 
consider  many  thousands  of  atoms,  and  one  must  examine  the  dynamics  over  time  scales 
appropriate  both  for  chemical  reactions  and  for  diffusion.  That  is,  we  need  to  simulate  on 
the  computer  the  microscopic  chemical  and  diffusion  processes  in  the  real  system.  Such 
simulations  involve  the  following  aspects: 

1.  The  computer  uses  a  general  force  field  (describing  the  interactions  of  all  particles 
in  terms  of  two-,  three-,  and  four-body  forces)  to  evaluate  the  forces  on  all  atoms 
at  a  given  instant,  takes  the  appropriate  stochastic  limits  for  nonessential  degrees 
of  freedom  (describing,  for  example,  the  bulk  atoms  comprising  the  energy  sink  or 
source),  and  calculates  the  locations  and  velocities  of  the  various  atoms  at  the  next 
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time  step  using  classical  (e.g.,  generalized  Langevin)  equations  of  motion. 

2.  At  appropriate  time  steps,  a  corrected  set  of  coordinates  is  passed  from  the  computer 
to  the  graphics  system  (vide  infra).  The  screen  of  the  graphics  system  is  continually 
refreshed  with  the  current  coordinates  so  that  the  user  “sees”  the  reaction  as  it 
proceeds  and  can  interactively  examine  the  reactive  system  and  follow  the  dynamics 
of  the  reaction. 

3.  The  graphics  system  (with  its  own  microprocessor  and  local  memory  so  that  it  can 
rotate,  translate,  zoom,  and  window  in  real  time)  displays  the  whole  reactive  sys¬ 
tem  (say,  10,000  atoms),  rotates  and  translates  the  view  to  find  the  critical  regions, 
and  zooms  in  on  a  selected  portion  of  this  system.  This  graphics  system  automati¬ 
cally  cuts  away  extraneous  atoms  of  the  reactive  system  and  automatically  lets  more 
distant  atoms  fade  away  in  intensity  (depth  cueing).  It  shows  the  system  in  three 
dimensions  (using  stereo  glasses)  so  that  the  user  can  see  the  reactive  system  as  a 
real  three-dimensional  image.  It  automatically  color  codes  the  atoms  so  that  one  can 
recognize  instantly  the  composition  and  identity  of  the  various  species. 

4.  From  the  perspective  of  the  user,  he  is  watching  the  reaction  as  it  proceeds.  He  can 
then  interactively  modify  various  parts  of  the  system  [surface  structure  (e.g.,  steps), 
vapor  composition,  atom  identity,  velocity  (temperature  of  incoming  particles),  bulk 
defects,  temperature  on  the  s\irface,  etc.]  and  follow  the  subsequent  dynamics  to 
determine  the  impact  of  these  changes  upon  various  processes. 

This  overall  procedure  is  referred  to  as  Computer-Assisted  Materials  Simiilation 
(CAMS).  CAMS  involves  two  major  theoretical  components: 

1.  theoretical  force  fields  (obtained  from  both  theory  and  experiment)  that  accurately 
describe  the  forces  on  various  atoms  and  molecules  interacting  at  surfaces  and  with 
each  other,  and 

2.  theoretical  methods  to  handle  the  dynamics  of  chemical  processes  within  solids  and 
on  solid  surfaces,  including  making  and  breaking  of  bonds  and  a  description  of  energy 
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dissipation. 

For  systems  with  covalent  bonds,  a  proper  description  of  reactions  reqtiires  the  explicit 
treatment  of  how  bonding  changes  from  reactant  to  product  with  the  proper  resonance  be¬ 
tween  the  forms  in  the  transition  stage  region.  This  requires  a  generalization  of  usual  force 
fields  where  spin-pairing  is  optimized  for  the  electrons  involved  in  the  reacting  bonds.  We 
have  nearly  completed**  an  approach  treating  this  problem.  More  serious  difficulties  arise 
in  metallic  systems  where  the  multitude  of  low-lying  electronic  states  and  delocalization  of 
electrons  conspire  to  make  reliable  force  fields  a  very  difficult  problem  indeed.  Progress  on 
this  problem  has  been  made*^  and  these  potentials  should  soon  be  suitable  for  simulations. 
However,  for  ceramics  such  delocalization  is  not  a  serious  issue. 

This  theoretical  approach  to  force  fields  allows  one  to  consider  any  possible  combi¬ 
nation  of  atoms  (even  when  no  experimental  data  are  available)  and  to  examine  regions  of 
the  potential  surface  (e.g.,  saddle  points  for  reactions)  not  readily  available  to  experiment. 
It  also  avoids  a  serious  problem,  the  interdependence  of  potential  parameters,  endemic  to 
fully  empirical  force  fields  due  to  the  fact  that  there  are  little  empirical  data  on  highly 
excited  states  and  on  radicals  and  diradicals  that  would  be  needed  to  disentangle  various 
interaction  terms. 

An  additional  issue  concerns  the  dynamics.  Various  groups  have  developed  efficient 
classical  dynamics  programs**’**  that  can  rapidly  calculate  all  the  forces  and  update  all 
coordinates  and  velocities.  Thus,  the  simulation  of  a  small  enzyme  DHFR  (dihydrofolate 
reductase),  complete  with  cofactor  (NADPH)  and  the  cancer  therapy  agent  methotrexate, 
all  bathed  in  a  thousand  molecules  of  water  (a  total  of  4500  atoms),  takes  45  sec/time  step 
on  a  VAX  minicomputer.**  With  a  good  starting  point  (properly  folded  configurations),  a 
well-optimized  structure  for  a  protein  can  be  obtained  in  600  steps  (five  hours  on  a  VAX). 
Although  such  calculations  are  practical  on  the  molecular  time  scale  (picoseconds),  many 
solid  state  processes  require  consideration  of  long  time  scales  (microseconds,  milliseconds, 
or  longer).  In  solving  this  problem,  the  active  atoms  (the  ones  undergoing  reaction)  are 
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followed  explicitly,  but  the  more  remote  atoms  are  transformed  away  while  retaining  their 
role  as  a  heat  sink.^^~^‘  We  have  been  handling  this  problem  by  a  combination  of  stochastic 
approaches  (Monte  Carlo^^  or  Brownian  torsional  dynamics^*)  and  modified  dynamics 
(particularly  the  canonical  dynamics  of  Nose’*). 

As  should  be  apparent,  there  are  enormous  theoretical  difficulties  in  developing  the 
force  fields  and  dynamics  methodology  suitable  for  the  critical  materials  problems.  How¬ 
ever,  there  are  also  enormous  payoffs  in  terms  of  the  potential  for  a  new  level  of  microscopic 
understemding  of  materials  processes — an  understanding  that  should  promote  the  devel¬ 
opment  of  new  materials  designed  to  achieve  a  desired  microscopic  structure  pretested  by 
computer  simulation.^* 
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4.0  Methodologies 

In  theoretical  studies  of  friction  and  wear,  one  can  simulate  moving  contacts  between 
surfaces  by 

(1)  modeling  each  surface  (and  any  lubricant,  wear  particles,  etc.)  using  the  above 

techniques, 

(2)  applying  perpendicular  forces  of  various  magnitudes,  and 

(3)  displacing  the  surfaces  with  various  velocities. 

Such  simulations  would  allow  one  to  relate  such  useful  macroscopic  concepts  as  friction 
coefRcients  and  hardness  to  the  atomic  structures  and  forces  underlying  these  phenomena. 
In  addition,  the  simulations  would  allow  us  to  examine  at  the  atomic  level  such  phenomena 
as  gouging  and  crack  initiation  and  to  determine  the  nature  and  role  of  atomistic  defects 
induced  under  various  conditions.  These  developments  should  provide  a  level  of  under¬ 
standing  useful  in  designing  new  materials  and  should  provide  tools  allowing  materials 
scientists  to  test  many  of  the  design  concepts  using  computer  graphics  and  the  theoretical 
models  to  simulate  the  properties  of  the  newly  designed  systems.  In  this  way  the  designer 
would  be  able  to  refine  many  of  the  ideas  in  advance  of  attempting  difficult  syntheses  and 
characterizations  in  the  laboratory. 

4.1  Theory 

A  variety  of  theoretical  methods  must  be  brought  to  bear  in  order  to  provide  detailed 
predictions  for  comparison  with  experiment. 

The  methods  of  quantum  chemistry  can  be  used  to  predict  the  equilibrium  geometries 
and  vibrational  frequencies  for  the  various  siirfaces.  In  order  to  describe  breaking  and 
formation  of  chemical  bonds  (as  involved  in  crack  initiation  and  wear),  it  is  necessary  to 
carry  out  high-level  calculations  including  electron  correlation  or  many-body  effects  [e.g., 
generalized  valence  bond  (GVB)  theory].**'^"  Such  high-level  treatm<>nts  are  also  required 
in  describing  siirface  active  species  containing  broken  bonds  or  radial  sites.  For  geometries 
and  vibrational  frequencies  of  passivated  surfaces  (where  radical  centers  are  not  present). 


less  sophisticated  methods  [Hartree-Fock  (HF)  theory,  local  density  approximations  (LDF, 
LDA)]  should  be  useful. 


The  methods  suitable  for  accurately  describing  local  phenomena  are  limited  to  a  small 
number  of  atoms  (with  20  atoms  being  a  large  system).  However,  for  tribologically  relevant 
studies,  it  is  necessary  to  describe  semi-infinite  surfaces.  This  is  achieved  by  developing  a 
force  field  with  which  the  dependence  of  the  energy  upon  geometric  configuration  of  the 
cluster  (obtained  from  the  accurate  quantum  chemistry  calculations)  is  fitted  to  energy 

terms  that  depend  on  the  distances  and  angles  between  various  atoms, 
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If  this  fitting  is  carried  out  so  that  the  components  Ey ,  Eyk,  etc.,  have  physical  significance, 
then  these  same  terms  can  be  superimposed  to  describe  the  energetics  of  the  semi-infinite 
surface. 
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The  forces  on  each  atom  are  obtained  by  taking  the  derivative  of  the  energy 
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which  can  be  used  in  Newton’s  equations 

to  calculate  the  dynamics  of  motion  (position  and  velocities  of  all  atoms  as  a  function  of 
time). 

This  simulation  of  the  dynamics  of  motion  can  include  a  description  of  two  surfaces 
and  the  associated  lubricant  to  examine  an  atomic-level  representation  of  tribolopcal  sys¬ 
tems.  Combining  these  approaches  of  quantum  chemistry,  force  fields,  and  dynamics,  one 
can  study  adhesion  of  various  adsorbates  and  lubricants  to  surfaces.  However,  to  simulate 
wear  processes  requires  a  description  of  bond  breaking  that  has  not  yet  been  implemented. 
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In  principle,  the  methods  for  atomic-level  simulations  provide  the  information  needed 
to  establish  the  fundamentals  of  tribology.  However,  there  remain  a  number  of  difficul¬ 
ties  in  implementation.  The  fundamental  quantum  chemistry  calctilations  are  difficult  and 
time-consunung.  Only  a  few  systems  have  been  studied.  The  extraction  of  force  fields 
from  such  calcvdations  is  still  in  its  infancy.  Force  fields  for  a  few  systems  have  been  ex¬ 
tracted;  however,  the  adequacy  oi  these  force  fields  for  describing  bond  breaking  processes 
(important  for  wear)  has  not  been  adequately  tested. 

The  methods  of  solving  Newton’s  equations  of  motion  are  adequate  for  systems  with 
5000  particles  and  can  be  used  with  periodic  boundary  conditions  to  describe  semi-infinite 
systems.  However,  only  fragmentary  progress  has  been  demonstrated  for  describing  the 
bond  disruption  processes  involved,  for  example,  in  wear.  Thus,  for  theory  to  play  its 
necessary  role  in  providing  a  foundation  for  the  fimdamental  principles  of  tribology,  a 
major  effort  is  required  to  push  forward  the  techniques  required  to  solve  these  problems. 
These  developments  will  be  greatly  aided  by  development  of  detailed  experimental  data 
on  well-characterized  systems  that  can  be  used  to  test  the  adequacy  of  various  theoretical 
techniques. 

4.2  Experiment 

Absolutely  critical  here  is  the  development  of  experimental  protocols  so  that  the 
surface  characteristics  can  be  reproduced  reliably  in  different  laboratories.  In  addition,  it 
is  important  that  the  materials  used  be  such  that  the  theorist  can  hope  to  simulate  the 
same  surface  that  the  experimentalist  is  studying.  Because  of  these  requirements,  there 
will  be  a  focus  upon  single  crystals  prepared  under  well-defined  conditions.  However,  useful 
surfaces  for  tribology  will  be  chemically  inactive,  and  it  is  important  to  passify  the  above 
surfaces  under  well-controlled  conditions.  In  many  cases  it  will  be  useful  to  have  surface 
hydrides,  fluorides,  oxides,  or  nitrides,  and  we  suggest  that  a  useful  protocol  might  involve 
(1)  cleaving  the  single  crystal  in  vacuum  smd  then  exposing  it  to  an  approrpriate  plasma 
(H2,  O2,  F2,  N2),  or  (2)  cutting  and  polishing  the  sample  outside  the  vacuum  system. 
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cleaving  it  in  the  vacuum  system  (using  appropriate  ions),  and  then  exposing  it  to  the 
appropriate  deposition  conditions  for  preapring  a  surface  layer. 

These  systems  would  then  be  characterized  by  standard  surface  science  techinques. 
For  example,  (1)  high  resolution  electronic  energy  loss  spectroscopy  (HREELS)  will  be 
used  to  obtain  vibrational  frequencies  of  the  various  bonds  at  the  surface;  (2)  surface 
geometries  can  be  obtained  using  electron-stimulated  desorption  with  ion  angular  distri¬ 
bution  (ESDIAD)  and  with  near-edge  extended  fine  structure  spectroscopy  (NEXAFS); 
and  (3)  various  photoelectron  spectroscopies  (XPS,  UPS)  can  be  used  to  characterize  the 
electronic  states  for  the  surface  species. 

Use  of  scanning  tunneling  microscopy  (STM)  and  the  atonoic  force  microscope  have 
the  potential  for  direct  observation  of  the  geometry  and  forces  for  comparison  with  theory. 
However,  experimental  conditions  (interaction  of  tip  and  associated  electric  fields  with  the 
surface)  may  modify  the  surface. 

With  such  well-characterized  surfaces,  it  is  important  to  develop  experimental  proce¬ 
dures  for  measuring  quantitative  relationships  to  firiction  coefficients,  hardness,  and  wear 
under  well-defined  conditions. 
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5.0  Standard  Systems 

In  order  to  make  progress  on  the  fundamentals,  it  is  important  to  choose  several 
standard  systems  on  which  all  available  experimental  and  theoretical  methods  will  be 
applied. 

A  list  of  suggested  standard  materials  has  been  compiled  using  the  criteria  that  they 
be  suitable  for  precise  experimental  and  theoretical  study. 

(i)  Diamond  (a  model  for  the  pyrolytically  formed  diamond  that  might  be  used  in  high 
performance  systems). 

a.  hydrogen-saturated  surface  (use  cut  and  polish  diamond  or  to  cleave  in  vacuum 
and  expose  to  plasma). 

/3.  fluorine-saturated  surface  (clean  in  vacuum  and  expose  to  F2  plasma). 

(ii)  Si(lll)  (allows  very  pure,  very  large  single  crystals). 

a.  freshly  cleaved. 

0.  saturated  with  hydrogen. 

7.  Controlled  dry  oxidation  (O2,  N2O)  and  wet  oxidation  (H2O). 

(iii)  Graphite 

a.  examine  without  H2O  or  absorbed  gases. 

0.  exiunine  with  carefully  controlled  amounts  of  rare  gases  (Ar,  Xe). 

7.  examine  with  carefully  controlled  amoimts  of  H2O. 

(iv)  M0S2 

a.  determine  orientation  upon  binding  to  various  clean  metal  surfaces  (X  versus  || 
to  surface). 

0.  determine  effect  of  adsorbed  overlayers  on  surface  (H,  O,  S). 

(v)  Ag(lll),  (110),  (100)  (easy  to  clean,  reconstruction  not  a  major  problem). 

(vi)  Au  (resistant  to  oxidation;  easy  to  clean). 
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(vii)  LiF  (experiments  easier  because  do  not  need  UHV  conditions). 

(viii)  CaFj  and  BaF2  (useful  high  temperature  lubricants  for  ceramics). 

(ix)  BN  (oxidatively  stable). 

(x)  Amorphous  Si  and  diamond  (no  grains) 

a.  saturation  with  H. 

/?.  saturation  with  F. 

7.  Controlled  dry  oxidation  (Oj,  NjO)  and  wet  oxidation  (H2O). 

(xi)  AI2O3  (advantage  -  transparent  to  infrared  for  real  friction  experiments). 

(xii)  SiC 

a.  Single  crystals 
CVD  prepared 

7.  Controlled  dry  oxidation  (©21  N2O)  and  wet  oxidation  (H2O). 

(xiii)  CVD  Si3N4 

a.  as  grown  (oxide  surface  layer) 

0.  oxide  removed  and  replaced  with  H  or  F 
7.  wet-  and  dry-oxidized 

(xiv)  M0O3  (basal  plane). 

(xv)  CoO. 

(xvi)  Ni  (100)  (well  studied  both  by  experiment  and  theory) 

a.  clean. 

/?.  sulfur  covered. 

7.  oxygen  covered. 

(xvii)  Effects  of  Doping 

Particularly  relevant  for  ceramics  is  the  effect  of  doping  of  ceramic  (or  of  lubricant) 
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upon  adhesion  of  lubricant  to  surface. 

(xviii)  High  Temperature  Lubricants 

Worthy  of  study  would  be  high  temperature  oxide  glasses  that  would  be  good  lubri¬ 
cants  at  high  temperatures  (e.g.,  based  on  B2O3,  AI3O3,  SiOj). 

Based  on  these  considerations,  we  recommend  that  the  initial  studies  focus  on  single 
crystals  of  diamond  prepared  so  as  to  saturate  the  surface  with  hydrogen  or  fluorine. 
These  materials  have  potential  for  application  in  extreme  conditions  and  should  be  most 
amenable  to  qualitative  study. 

Because  of  their  relevance  as  model  solid  lubricants,  we  recommend  graphite  and 
M0S3  as  secondary  systems. 
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6.0  Calculations  of  IViction 

In  order  to  gain  some  insight  into  some  of  the  issues  in  extracting  qualities  describing 
macroscopic  quantities  for  microscopic  calculations,  we  carried  out  a  series  of  simulations 
of  diamond  surfaces  being  displaced  with  respect  to  each  other.  We  examined  the  (111) 
surface  of  diamond  with  each  surface  atom  terminated  by  a  C-H  bond.  In  order  to  eliminate 
edge  effects,  we  treated  a  finite  thickness  slab  with  periodic  boundary  conditions,  as  in 
Figure  3. 


I 


H  H 

Figure  3. 


The  lattice  constants  parallel  to  the  slab  were  restricted  to  remain  those  of  the  infinite 
system;  however,  each  atom  was  allowed  to  move  an  equilibrium  position.  These  slabs 
were  then  stacked,  as  in  Figure  4a,  to  form  a  three-dimensional  infinite  system. 


Figure  4. 


-  19- 


The  spaces  between  the  slabs  and  the  relative  location  of  one  slab  with  respect  to  the 
next  were  optimized  to  obtain  the  overall  equilibrium  system.  This  system  represents  two 
perfect  diamond  (iii)  surfaces  in  equilibrium.  We  then  calculated  the  equilibrium  structures 
as  each  surface  is  displaced  with  respect  to  the  next,  while  simultaneously  imposing  an 
external  load  on  the  system.  This  was  carried  out  by  treating  the  lateral  displacement  as  a 
shear  in  the  fundamental  unit  cell  of  the  three-dimensional  system,  as  indicated  in  Figure 
4b.  Thus,  for  each  value  of  shear  (/9),  we  reoptimized  all  atomic  positions,  allowing  the 
surface  hydrogens  to  bend  out  of  the  wave  as  the  surfaces  were  displaced,  and  we  allowed 
the  distance  between  the  layers  to  reoptimize.  This  was  done  as  a  function  of  external 
stress.  The  results  are  presented  in  Figures  5  and  6.  Figure  S  shows  the  energy  surface 
(with  no  imposed  load)  superimposed  on  the  atom  position  of  the  lower  surface.  The 
minimum  position  has  the  C-H  bond  of  the  upper  surface  S3rmmetrically  between  the  three 
C-H  bonds  of  the  lower  surface.  The  minimum  energy  path  for  displacement  has  the  C-H 
of  the  upper  surface  move  over  an  energy  barrier  of  0.14  kcal/mol  to  a  new  equilibrium 
position  with  the  C-H  of  the  upper  surface  above  s  second  layer  C  of  the  lower  system.  In 
this  position,  the  energy  is  but  0.01  kcal  higher  than  the  original  equilibrium  position.  In 
the  minimum  energy  pathway,  the  CH  bond  of  the  upper  state  must  next  move  northeast 
toward  the  center  of  the  next  hexagon  and  then  east  to  the  next  second-layer  carbon  etc.  If 
the  surfaces  are  construned  to  move  exactly  along  a  line,  the  lowest  energy  pathway  would 
be  one  that  crosses  over  the  sides  of  each  hexagon,  leading  to  a  barrier  of  0.47  kcal/mol. 
The  highest  energy  point  occurs  when  the  surfaces  are  displaced  so  that  the  lower  CH 
bond  points  at  the  CH  bond  of  the  upper  surface,  leading  to  an  energy  1.0  kcal  higher 
than  the  minimum  position. 

But  how  do  we  go  from  this  optimum  energy  surface  to,  say,  a  coefficient  of  friction? 
As  one  approach,  consider  the  vertical  displacements  between  the  slabs  necesary  for  the 
system  to  move  along  the  minimum  energy  pathway  (see  Figure  6).  The  slabs  are  closest 
for  the  minimum  energy  position  where  the  CH  bond  of  the  top  slab  points  in  the  middle  of 
the  hexagon  of  the  lower  slab.  As  the  slabs  are  displaced  to  the  right  over  the  0.14  kcal/mol 
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barrier,  the  top  slab  must  move  away  by  0.061  A  and  then  it  comes  back  to  the  secondary 
minimum  (above  the  second  layer  C)  where  it  is  only  0.004  A  above  the  optimum  vertical 
displacement.  Thus,  as  the  system  is  displaced  along  the  minimum  energy  pathway,  the 
vertical  displacements  are  as  in  Figure  7. 

Vertical 

Displacement  0.061  0.061 

^0 .  000^ 

0.  1.4S6  2.912 

.  — Lateral  Displacement 

Figure  7. 

If  there  is  an  external  load  on  the  system,  we  must  do  work  against  this  bond  to  displace 
it  back  0.06  A  to  go  over  the  first  hill,  but  the  bond  can  do  work  on  the  system  as  we  go 
down  the  hill  again.  If  this  process  were  carried  out  with  no  energy  transfer,  there  would 
be  no  friction.  That  is,  the  energy  cost  in  going  up  one  hill  is  returned  upon  going  down 
and  is  then  available  to  go  up  the  next  hill.  However,  if  the  energy  is  dissipated  from 
the  surface  as  it  goes  down  one  hill,  it  cannot  be  returned  to  climb  the  next  and  there  is 
friction.  To  get  an  idea  whether  there  is  time  for  such  dissipation,  consider  that  a  velocity 
of  2  meters/sec  converts  to  0.02  A  per  picosec.  Thus,  at  this  velocity,  it  takes  35  picosec 
for  the  system  to  go  back  down  hill.  On  the  other  hand,  the  characteristic  time  for  energy 
transfer  from  the  C-C-H  bending  modes  at  the  surface  is  likely  to  be  ~1  psec.  Thus  the 
energy  should  be  dissipated. 

Given  the  description  in  Figure  7,  we  can  estimate  the  maximum  coefficient  of  friction 
as  the  maximum  slope  of  the  displacement  curve  or 


f  =  TT 


0.061 

1.456 


0.132. 


It  is  interesting  that  this  value  is  in  the  ballpark  of  experimental  measurements  of  the 
coefficient  of  friction  in  diamond  by  Tabor’*  who  reports  f  =  0.1  for  diamond  (111).  This 
does  not  prove  our  simple  model.  The  experiments  on  dieunond  were  carried  out  with 
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a  metal  probe  in  a  normal  atmosphere.  We  now  know  that  a  well  polished  diamond 
surface  is  covered  with  C-H  bonds.  Hence  these  experiments  shoiild  be  repeated  in  an 
inert  atmosphere  with  a  diamond  probe  so  that  one  does  not  have  to  worry  about  the 
surface  H  on  the  diamond  being  transferred  to  the  metal. 

It  is  also  not  clear  that  the  coefficient  of  friction  for  a  completely  flat  surface  is 
relevant  for  friction  studies  where  even  for  a  single  crystal  there  will  be  steps  and  other 
imperfections  that  may  keep  parts  of  the  surface  from  interacting  (Figure  8). 


That  is,  the  experiments  on  the  best  quality  single  surface  may  be  dominated  by  what 
happens  when  two  steps  come  together  rather  than  by  the  sliding  of  two  surfaces  with 
respect  to  each  other.  Of  course,  similar  theoretical  calculations  can  be  carried  out  at  the 
steps;  however,  there  are  new  questions.  Are  the  step  atoms  also  completely  sattirated 
with  C-H  bonds?  We  cotild  assume  this  in  the  calculations,  but  this  should  be  tested  with 
appropriate  surface  science  experiments.  Using  these  theoretical  approaches,  one  should 
be  able  to  examine  systems  modeling  the  system  in  Figure  8  and  provide  simulations  of 
friction  and  wear  for  these  systems. 
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7.0  Scanning  Tunneling  Microscopy 

A  new  tool  of  significant  potential  for  characterizing  the  surface  topography  of  tribo¬ 
logically  relevant  systems  is  scanning  tunneling  microscopy.  In  this  system,  a  small  voltage, 
say,  100  mV,  is  applied  between  a  probe  [prepared  so  as  to  obtain  extremely  small  (atomic 
dimensions)  points]  and  the  surface  and  the  tunneling  current  is  measured  and  used  with 
various  electronics  and  piezoelectric  elements  to  maintain  atomic-level  resolution.  The 
probe  is  maintained  at  distances  of  5  to  10  A  and  the  tunneling  current  [which  is  axxumed 
to  vary  exponentially  with  distance  (s)] 

lT(8)  =  e-v^ 

is  measured.  In  one  mode  of  operation,  the  current  is  kept  constant  as  the  tip  is  displaced 
along  the  surface,  and  the  voltage  applied  to  the  piezoelectric  element  is  monitored  to 
obtain  the  effective  displacement  of  the  tip.  Assuming  that  the  work  function  of  the 
surface  ^  is  independent  of  position,  one  then  gets  the  topography  of  the  siirface.  The 
problem  here  is  that  at  the  atomic  level  the  effective  work  function  and  rate  of  electron 
transfer  does  depend  upon  the  nature  of  the  orbitals  describing  the  electrons. 

Thus,  to  extract  topographically  useful  information  from  this  problem,  we  need  to 
develop  theoretical  techniques  that  can  describe  how  the  current  would  change  for  various 
surface  topographies  of  atoms. 

To  do  this  we  have  used  small  clusters  of  atoms  to  represent  both  the  surface  and 
the  tip.’^  Our  first  calciilation  used  two  Niis  clusters  (having  the  bond  distances  of  bulk 
Ni),  as  indicated  in  Figure  9. 


s  - > 

Figure  9. 

The  current  is  calculated  as  follows.  We  start,  say,  with  a  neutral  Niu  cluster  on  the 
left  and  a  positively  charged  Nijs  cluster  on  the  right  and  solve  self-consistently  for  the 
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full  (GVB)  wavefunction  of  the  26  atom  positions  as  a  function  of  distance  to  yield  the 
wavefunction  $r(s).  We  then  redo  the  calculations  but  starting  with  the  positive  charge 
on  the  left  and  again  solve  self-condstently  for  the  full  wavefunction  of  the  system,  ^l(s)< 
Then,  for  each  distance  s,  we  calculate  the  rigorous  electron  transfer  matrix  elements 

Hi,r(s)  =  {«l(s)|J|«h(s)) 

where  H  is  the  full  hamiltonian  for  the  26-atom  system.  The  rate  of  electron  transfer  Tlr  is 
proportional  to  the  square  of  Hlr.  [To  do  this,  we  modified  the  RGVB  procedures  of  Voter 
and  Goddard,’’  allowing  evaluation  of  Hlr  even  though  every  orbital  of  '^l  overlaps  every 
orbital  of  '^^r.]  We  find  that,  in  agreement  with  simple  analysis,  it  has  an  approximately 
exponential  dependence  upon  distance,  see  Figure  10.  However,  we  find  that  the  maximum 
electron  transfer  from  L  to  R  occurs  when  the  probe  is  over  a  bond  midpcnnt,  not  above 
the  atom!  This  occurs  because  the  orbitals  involving  the  bonding  electrons  in  metals  tend 
to  be  in  interstitial  positions  in  between  the  atoms. 

Our  conclusion  from  these  studies  is  that  STM  has  a  great  deal  of  promise  for  char¬ 
acterizing  tribological  systems;  however,  theory  will  be  critical  in  extracting  the  physics 
from  the  data. 
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8.0  Silicon  Nitride 

Preliminary  calculations  were  carried  out  on  both  the  a  and  0  phases  of  silicon 
nitride.  However,  we  expect  that  in  a  normal  operating  environment  the  surfaces  of  these 
systems  are  probably  oxidized  so  that  the  proper  model  of  the  surface  is  amorphous  Si02. 
Such  surfaces  will  have  a  variety  of  chemically  active  sites  that  for  low  friction  and  weak 
should  be  kept  passivated.  Thus,  there  will  be  surface  Si-OH,  Si-0-,  and  SiO~  units 
that  can  promote  undesired  adhesion  to  another  surface  or  to  the  lubricant.  Considering 
the  thermochemistry  of  these  systems,  an  effective  strategy  for  lubrication  might  include 
providing  an  appropriate  reservoir  of  F  atoms  that  could  bond  to  the  surface  silicons  to 
form  strong  passive  Si-F  bonds.  For  systems  operating  at  temperatures  consistent  with 
liquid  lubricants,  an  ideal  system  might  be  perfluorinated  ethers 


F 

I 


I 
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They  could  provide  a  reservoir  of  F  to  react  with  exposed  surface  Si  to  form  the  Si-F 
bonds.  In  addition,  the  surface  site  could  react  with  the  oxygen  to  form  a  brush  of  surface 


—  O  —  CF2  —  CFj  —  O  —  CR2  •  -  • 

groups  that  would  help  proAride  a  boundary  layer  region  protecting  the  stuface. 

For  operation  at  higher  temperatures  where  liquid  lubricants  are  no  longer  suitable, 
one  can  imagine  a  system  (perhaps  with  a  slightly  porous  bearing  element)  where  a  small 
continuous  stream,  say,  of  SiF4  gas  is  allowed  to  react  with  the  surface  and  to  passivate 
any  active  sites  being  formed  by  oxidation  or  wear  processes. 

These  reflections  suggest  a  series  of  experimental  and  theoretical  studies  on  silicon- 
oxides  and  silicon-fluorides  that  could  be  useful  in  formulating  new  structures  for  lubrica¬ 
tion  of  silicon-nitride  and  other  ceramics. 
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0.0  Surface  Modiflcation 

As  an  example  of  how  simple  theoretical  considerations  can  be  useful  in  suggesting 
strategies  for  surface  modification  to  aid  surface  properties,  consider  TiOj.  In  bulk  TiOj, 
each  Ti  has  six  oxygen  neighbors.  Since  Ti  has  a  valence  of  +4,  this  means  that  each  Ti-0 
bond  involves  an  electron  transfer  of  2/3  electron.  Since  O  needs  two  electrons,  it  must 
have  three  Ti  neighbors  to  obtain  its  full  charge.  But  at  a  surface  the  number  of  neighbors 
is  necessarily  different.  Thus,  for  a  perfect  (110)  surface,  the  environment  would  be 


where  the  a  represents  Ti  and  Q  represents  the  oxygen  (shading  indicating  the  outer  layer 
of  oxygens).  Thus  the  shaded  oxygens  have  only  two  of  the  three  Ti  neighbors,  requiring 
an  extra  2/3  electron,  while  the  Ti  in  the  middle  of  the  unshaded  oxygens  have  five  of  the 
six  O  neighbors,  so  that  the  Ti  has  2/3  of  an  electron  left.  This  would  lead  to  an  active 
five-coordinate  Ti  with  nearly  an  extra  electron.  Such  misbalance  in  the  charges  leads  to 
reconstruction  of  the  siirfaces  to  more  effectively  neutralize  the  surface  atoms,  leading  to 
steps,  vacancies,  and  other  features  that  make  the  surfaces  chemically  active.  If  we  replace 
this  surface  Ti  with  surface  Fe,  which  prefers  to  be  Fe^'^,  then  the  five-coordinate  surface 
site  of  the  flat  surface  is  locally  electrrically  neutral.  This  allows  a  stable  flat  surface  with 
good  tribological  properties.  Elxperimental  studies  by  M.  Gardos  on  surface-modified  TiOj 
can  be  interpreted  in  terms  of  such  ideas. 
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1 .  Introduction 


The  priaary  objectives  of  our  Investigations  were  the  developaent  and 
ifflpleaentation  of  theoretical  methods  for  studies  of  atoalc-scale  aechanlsais 
of  deformation  and  yield  processes  In  materials,  and  application  of  such 
methods  to  Ionic  solids  (CaF2  In  particular,  in  order  to  co8q)lement  the 
experimental  investigations  under  this  project,  of  the  tribological  properties 
of  this  class  of  materials). 

In  accord  with  the  above  stated  objectives  we  have  formulated  and 
implemented  new  approaches  to  studies  of  the  micromechanics  and  microdynamlcs 
of  materials  based  on  molecular-dynamics  (HD)  simulations  [1,2].  In  these 
simulations  the  properties  of  a  multi-particle  system  are  investigated  by 
direct  integration  of  the  equations  of  motion  of  the  atoms,  interacting  via 
tested  interatomic  potentials  and,  if  desired,  subject  to  external  Influences 
(such  as  imposed  stresses).  The  phase-space  trajectories  which  are  obtained 
in  these  simulations  allow  analysis  of  the  atomistic  mechanisms  of  materials 
processes  with  refined  spatial  and  temporal  resolution,  thus  allowing  to  gain 
insights  into  the  fundamental  microscopic  nature  of  complex  materials 
phenomena. 

The  interaction  potentials  which  we  have  used  are  those  developed 
previously  in  the  context  of  studies  of  the  properties  of  bulk  CaF2  crystals 
and  they  contain  contributions  from  (k>ulomb,  Born-Meyer  and  dispersion  terms 
[3].  These  parametrized  potentials  have  been  shown  to  reproduce  rather 
faithfully  many  known  properties  of  bulk  perfect  crystals  of  CaF2i  such  as 
elastic  moduli,  cohesive  energy,  Frenkel  defect  formation  energy  and  vacancy 
and  interstitial  migration  energies.  In  addition  they  have  been  employed  in 
extensive  studies  of  thermally  activated  bulk  superionic  conductivity  in  CaF2 
13,41. 

In  the  first  stage  of  our  studies  we  have  investigated  the  surface 
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proper tlea  of  CaFg  crystals,  as  well  as  properties  of  Uie  bulk  under  zero 
strain,  over  a  range  of  tenperatures  (see  Section  2).  In  the  second  stage 
have  investigated  the  response  of  bulk  CaF2  crystals  to  externally  i^>osed 
strains  or  stresses  (see  Section  3a),  and  the  atoaistic  nechanisas  of 
deformation  and  tribological  processes  induced  by  the  interaction  of  large 
faceted  CaF2  tips  with  CaF2  surfaces  (see  Section  3b). 


.  Studies  of  Unatresaed  Bulk  and  Surface  Systeas 

In  these  slaulstlons  the  computational  cell  was  periodically  replicated 
(in  two  directions  parallel  to  the  surface  plane  for  surface  simulations,  and 
In  three  directions  for  bulk  simulations)  and  the  Ewald  sussuitlon  technique 
was  used  to  account  for  the  long-range  CouKnob  Interactions  [5].  In  the  bulk 
simulations  we  employed  the  constant  pressure  MD  method  of  Parrlnello  and 
Rahman  [6],  which  treats  the  vectors  defining  the  computational  cell  as 
auxiliary  dynamical  variables  (both  magnitudes  and  directions)  thus  allowing 
for  volume  and  structural  changes  induced  thermally  or  by  phase  transforma¬ 
tions.  In  constant  temperature  simulations  (canonical  ensemble)  the  kinetic 
temperature  of  the  system  was  controlled  via  scaling  of  particle  velocities  to 
the  desired  teng)erature  (past  the  equilibration  stage,  the  temperature 
remained  stable  fluctuating  about  the  desired  one,  thus  at  the  data  collecting 
stage  temperature  control  was  applied  infrequently  so  as  to  not  interfere  with 
the  natural  dynamical  evolution  of  the  system). 

Selected  results,  taken  from  simulations  of  bulk  crystals  (504  particles, 
i.e.,  168  CaF2  units)  are  shown  in  Figs.  (1  and  2),  where  we  exhibit  versus 
temperature  the  variations  in  the  lattice  constant,  and  fluorine  anion 
diffusion  constant,  respectively.  The  diffusion  constant  was  determined  from 
the  relation 

1  “ 

R^(t)  «  ^  <  f (S^(t)  -  S^(o))^>  =  2n^D^t  ,  (1) 

i  =  1 

where,  3^(t)  is  the  position  vector  of  the  itti  particle  of  species  a  (a  =  Ca"*^^ 
or  F  )  at  time  t,  n^  is  the  dimensionality  of  the  system  (n^  =  3  for  bulk), 
is  the  diffusion  constant  of  species  a,  and  the  angular  brackets  indicate 
average  over  particles'  trajectories  generated  in  the  simulatiims. 


It  is  evident  froa  Fig.  2  that  the  Mobility  of  the  fluorine  anions  is 
greatly  mhanced  as  the  tesperature  increases  (onset  at  T  ~  14(X)K), 
correlating  both  in  Magnitude  and  tesperature  dependence  with  experiaental 
data  [7].  Ue  have  also  verified  that  the  anion  diffusion  aechanisa  involves 
the  octahedral  sites  through  the  generation  of  vacancy-lnterstial  Frenkel 
defect  pairs  [3t4,8]. 

We  turn  next  to  slsulations  of  the  (110)  and  (111)  surfaces  of  CaF2.  In 
these  slsulations  the  systen  is  setup  as  a  crystalline  slab,  with  the  atoms  in 
the  slab  treated  dynamically,  and  situated  on  top  of  a  static  substrate.  The 
material  in  the  calculational  cell  contains  dynamic  atomic  layers  (with  n 
atoms  per  layer)  exposing  either  the  (110)  or  (111)  surface,  interacting  with 
static  layers  of  the  same  crystallographic  orientation.  Thus  the  total 
number  of  crystalline  layers  Is  4^  N^.  To  fascilitate  the  application 

of  the  Ewald  sixamation  method  the  calculational  cell  is  extended  in  the 
direction  normal  to  the  surface  plane  su(^  that  the  material  system  is 
surrounded  by  empty  space  of  sufficient  extent  to  assure  negligible 
interactions  between  the  system  in  the  cell  and  its  periodic  replicas  in  the  z 
direction.  Finally,  the  whole  system  is  periodically  replicated  in  three 
dimensions. 

For  simulations  at  different  temperatures,  the  dimensions  of  the 
calculational  cell  in  the  directions  parallel  to  the  surface  plane  and  the 
layer  spacings  in  the  static  substrate  are  adjusted  according  to  the 
temperature  variation  of  lattice  constant  given  in  Fig.  1.  The  number  of 
dynamic  layers,  is  taken  large  enough  to  minimize  effects  due  to  the 
underlying  static  substrate  (see  details  for  the  two  surface  systems  in 
reference  9). 

The  structure  of  the  two  surface  systems  which  we  investigated  are 
qualitatively  different,  which  as  will  be  discussed  below,  correlates  with 
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their  different  properties.  While  the  (111)  surface  systea  exposes  a  polar 

surface  layer,  (i.e.,  all  atcas  in  the  topaost  layer  are  fluorine  anions)  and 

stacks  as  FCaFQPCaPO .  (uhere  0  denotes  a  layer  containing  oet^edral 

vacant  sites  in  the  ideal  lattice,  and  P  and  Ca  denote  the  chemical  species  in 

a  given  layer)  the  atomic  layers  in  the  system  exposing  the  (110)  surface  are 
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charge  neutral  (containing  each  a  stochicaetric  ratio  (zil)  of  Ca^^  and  F~ 
ions),  and  are  arranged  in  an  ABAB .  stacking. 

The  main  result  of  these  simulations  is  that  while  the  Bx>bility  of  the  F~ 
ions  is  greatly  enhanced  in  the  surface  region  of  the  (110)  surface  (see  Fig. 
3),  starting  at  a  lower  temperature  than  the  onset  of  superionic  conductivity 
in  bulk  crystalline  FaF2,  the  effect  observed  for  the  (111)  surface  system  is 
much  smaller. 

The  onset  of  surface  superionic  conductivity  at  the  (110)  surface  occurs 
at  a  temperature  of  ~  1100  K,  and  is  most  pronounced  for  the  two  topmost 
surface  layers  of  the  material.  In  this  context  we  note  that  the  Ca'*’^  ion 
mobility  remains  negligibly  small  throughout  the  whole  temperature  range,  up 
to  melting,  and  that  no  noticable  changes  in  lattice  structure  are  observed. 

The  enhanced  mobility  of  the  fluorine  anions  at  the  surface  region  (1-3 
top  layers  of  the  (110)  surface)  correlates  with  smaller  foraation  energies 
for  vacancy- interstitial  and  vacancy-adlayer  (i.e.,  when  the  F~  anion  is 
displaced  from  its  crystalline  position  and  placed  on  top  of  the  topaost 
surface  layer)  for  the  (110)  surface  system  in  comparison  with  the 
vacancy- interstitial  formation  energy  in  the  bulk  crystal.  On  the  other  hand 
these  formation  energies  for  the  (111)  surface  do  not  favor  generation  of  such 
defects  at  the  surface  as  compared  to  the  bulk  (see  Table  I). 


produce  the  required  strain  and  then  equilibrated  at  the  desired  tenperature 
to  allow  for  full  relaxation  of  the  atonic  configuration  under  the  specified 
strain.  Ue  note  that  In  this  series  of  simulations  the  shape  of  the 
coiq)utatlonal  cell  (except  for  the  strain  Imposed  distortion)  Is  not  allowed 
to  vary.  The  results  of  such  slmulatlcms  for  T  s  300K,  1073K,  1300K  and 
IM50K,  are  given  In  Figs.  4  and  5.  Variations  versus  strain  (-r)  of  the  o 

xz 

component  of  the  Internal  stress  In  the  system  (l.e.,  In  the  (111)  plane,  with 

the  <111>  direction  along  the  z  axis,  along  the  <110>  (l.e.,  x)  direction), 
and  of  the  potential  energy  (per  CaF2  unit)  obtained  at  various  temperatures 
are  shown  In  Fig.  4  (In  this  figure  the  stress  values  are  given  for  strain 
values  up  to  the  yield  point).  As  may  be  seen  the  stress  versus  strain 
relationship  Is  linear  over  an  extended  range  of  strains,  exhibiting  only 
small  deviations  from  linearity  for  strains  approaching  the  critical 
yield-strain  value.  This  behavior  which  Is  also  reflected  In  the  parabolic 
variation  of  the  potential  energy  versus  strain  Indicates  that  the  system 
responds  elastically  up  to  the  yield  point. 


In  Figure  5(a)  variation  of  the  o  _  versus  time  is  shown  for  the  bulk 
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system  at  1300K  starting  from  an  unstrained  equilibrated  system  at  t  s  0,  the 
external  strain  is  incremented  in  several  stages  (signified  by  the  marked 
stepwise  variations  in  the  recorded  Internal  stress  at  approximately  10  ps 
intervals).  As  seen,  following  the  increase  in  strain  at  ~  30  ps  the  system 
yields  after  a  short  period.  The  yield  process  is  accompanied  by  relief  of 
internal  stress. 

It  is  of  interest  to  note  that  the  application  of  strain  to  the  bulk 
system  is  accompanied  by  enhancement  of  the  mobility  of  the  fluorine  anions, 
vAille  the  mobility  in  the  calcium-cation  sublattice  remains  negligible  up  to 
the  yield  point.  This  behavior  is  portrayed  in  Figs.  5(b-f),  where  l^(t), 
see  Eq.  (1),  for  the  Ca**^^  and  F*  species,  and  it's  components  parallel 
(x-direction)  and  perpendicular  to  the  applied  strain  direction  are  shown. 

(In  plotting  these  results  R^(t)  was  rexeroed  after  each  incremental  increase 
in  the  strain).  It  is  particularly  noteworthy  that  for  the  unstrained  system 
(t  <  10  ps)  the  F*  mobility  is  very  small  at  this  temperature  (which  is  below 
the  onset  of  the  bulk  superionic  conductivity  temperature  at  T^^^  ^  1450K), 
markedly  increasing  upon  the  application  of  strain.  No  such  effect  was 
observed  by  us  in  simulations  at  a  temperature  of  1073K  and  below.  This 
phenomenon  may  be  regarded  as  strain-induced  superlonic  conductivity  in  CaFg 
occurring  at  a  temperature  below  T^^^  of  the  unperturbed  bulk  system.  We 
suggest  that  the  enhanced  mobility  of  the  F'  ions  in  the  strained  crystal 
correlates  with  the  reduced  resistance  of  the  material  to  yield,  which 
ultimately  occurs  following  an  Increase  in  strain  (at  t  >  30  ps).  As  seen 
from  inspection  of  Figs.  5(c-e)  the  crystal  slips  in  the  (111)  plane  along  the 

X  (<110>)  direction.  A  similar  behavior,  with  larger  mobility  of  the  F~  ions, 
was  observed  by  us  also  in  simulations  at  T  s  1450K  (see  Fig.  6). 


Values  for  the  orltioal  strain  and  Internal  stress  a  °  obtained  froa 
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our  oonstant-atraln  slaulatlons  are  given  In  Table  II.  As  seen  the  values 
which  we  obtained  for  the  yield  stress  are  higher  than  those  estlaated  froo 
analysis  of  experimental  data  [10].  This  Is  not  surprising,  In  view  of  the 
structural  and  chemical  perfection  of  the  simulated  systems  as  compared  to 
those  used  In  the  laboratory  experiments.  Nevertheless  to  further  Investigate 
the  predicted  values  we  have  performed  a  set  of  constant-stress  simulations 
[1]  at  T  =  300K,  1073K  and  1450K.  In  these  simulations  both  the  shape  and 
volume  of  the  computational  cell  are  allowed  to  vary  In  response  to  an 

externally  Imposed  stress  (in  the  (111)  plane  along  the  <110>  direction). 

The  results  of  these  simulations  are  summarized  In  Table  III.  Comparison  of 
these  results  with  those  of  the  constant-strain  simulations  given  In  Table  II, 
shows  that  the  critical  yield  stresses  (and  associated  strains)  obtained  by 
the  two  simulation  methods  are  of  similar  magnitude,  with  the  values  obtained 
via  the  constant  stress  simulations  somekAiat  lower.  Furthermore,  In  both 
cases  we  observed  that  yield  occurs  via  (111)  Interplanar  slip  (glide)  In  the 

direction  of  the  applied  external  perturbation  (<110>).  In  this  context  we 
note  that  while  CaF2  Is  known  to  cleave  at  room  temperature  In  the  (111) 
plane,  the  primary  and  secondary  glide  systems  are  reported  to  be  the  (001) 

plame  In  the  <110>  direction  and  the  (110)  plane  in  the  <110>  direction  [11]. 
Since  our  simulated  systems  sllped  In  the  (111)  plane  we  have  performed  an 
additional  constant-stress  simulation  (at  300K)  with  the  external  stress 

applied  In  the  (100)  plane  along  the  <lTo>  direction.  As  seen  from  Table  III, 
the  critical  yield  stress  obtained  In  this  simulation  is  lower  than  In  our 
previous  simulations.  Finally  constant-stress  simulations  for  systems  In 
which  defects  (such  as  a  single  CaF2  vacancy  or  a  stacking  fault)  were 
deliberately  introduced  yielded  similar  results  to  those  shown  In  Table  III 


indicating  that  the  mechanical  properties  of  the  system  are  not  greatly 
influenced  by  such  defects.  Rather,  we  suspect  that  the  presence  of 
dislocation  is  the  main  cause  for  lowering  of  the  material  resistance  to  slip. 


3b.  Slmulatlona  of  Tip-Subatrate  Interaotlona 


Having  dlaousaed  the  response  of  crystalline  bulk  CaF^  ^  external 
mechanical  perturbations,  we  turn  next  to  studies  of  the  interaction  of  CaF2 
crystalline  tips  with  CaF2  surfaces.  In  these  simulations  the  substrate 
exposes  the  (111)  surface  and  contains  layers  of  dynamic  particles  (N^  = 

12,  with  242  Ca^^  ions  in  a  calcium  layer  and  242  F~  ions  in  a  fluorine 
layer),  positioned  on  top  of  a  static  substrate  containing  layers  (N^  =  3). 

The  temperature  of  the  system  is  controlled  to  T  =  300K  via  scaling  the 
velocities  of  only  the  particles  in  the  3  layers  closest  to  the  static 
substrate.  In  this  way,  heat  which  may  be  generated  in  the  surface  region  as 
a  consequence  of  the  interaction  with  the  tip,  propagates  toward  the  interior 
of  the  substrate  and  is  dissipated. 

The  tip,  which  approaches  the  substrate  along  the  normal  (z)  direction 
from  above,  is  prepared  as  a  tapered  faceted  micro  crystal  containing  9  (111) 
layers  of  dynamic  particles.  The  bottom  layer  of  the  tip  (i.e.,  closest  to 
the  substrate  contains  18  F~  ions,  the  one  above  it  contains  1(^  Ca*^  ions  with 
a  layer  containing  18  F"  ions  on  top  of  it.  The  next  region  of  the  tip 
contains  3  atomic  layers  consisting  of  50  F“,  and  50  F”  ions, 
respectively.  The  topmost  dynamic  region  of  the  tip  contains  3  layers  with  98 
F~,  98  Ca'*’^  and  98  F“  ions  resjjectively.  In  addition  the  dynamic  tip 
particles  interact  with  a  static  holder  composed  of  3  CaF2  (111)  layers.  Thus 
the  total  nuBber  of  dynamic  CaF2  units  in  the  tip  is  166,  and  242  in  the 
static  holder.  The  system  is  periodically  replicated  in  two  directions 
parallel  to  the  surface  plane,  and  no  periodic  boundary  condition  is  imposed 
in  the  normal,  z,  direction. 

Tip  Approach  and  Lift-Off 

He  start  by  equilibrating  the  substrate  and  tip-holder  assembly  at  T  = 
300K.  Afterwards,  they  are  brought  to  a  distance  d^^  s  34  t.  (In  describing 
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results  two  distance  scales  will  be  used,  d^  denotes  the  distance  between 

the  top  layer  of  the  static  holder  and  the  bottom  layer  of  the  static 

substrate.  The  actual  separation  between  the  proximal  layer  of  the  tip, 

closest  to  the  substrate,  and  the  top-most  layer  of  the  dynamic  substrate  Is 

denoted  by  d.^).  Subsequently,  the  distance  between  the  tip-holder  assembly 

and  the  substrate  Is  changed  In  0.5  %  Increments  (using  an  Integration 
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time-step  of  1.0  x  10  s,  this  change  occurs  In  10  s).  After  each  such 

change  In  the  tlp-to-substrate  separation  the  system  Is  allowed  to  evolve 
dynamically  till  no  discernable  variations  in  mergy  and  structure  are 
detected  (l.e.,  the  system  Is  allowed  to  relax  throughout  the  tlp-to-substrate 
approach  and  subsequent  separation  processes). 

The  average  force  in  the  z  direction  on  the  tip  atoms,  recorded  for  the 
fully  relaxed  configurations,  versus  distance,  d^,  is  shown  in  Fig.  7a,  and 
the  corresponding  variation  of  the  potential  energy  of  the  tip  atoms  Is  shown 
in  Fig.  7b.  In  these  figures  the  squares  denote  values  recorded  during 
tip-to-substrate  approach  and  the  circles  correspond  to  values  calculated  upon 
subsequent  detraction  (lift-off)  of  the  tip  fVom  the  substrate.  As  seen  from 
Fig.  7a,  following  a  gradual  slow  increase  in  the  Interaction  between  the  tip 
and  the  substrate  atoms,  the  attractive  interaction  markedly  increases, 
starting  at  d^^  ~  29  when  the  bottom  layer  of  the  tip  is  separated  by  d^^  ~ 

3.75  8  from  the  topmost  layer  of  the  surface.  This  stage  is  accompanied  by 
an  increase  in  the  interlayer  spacing  in  the  tip  material,  i.e.,  elongation  of 
the  tip,  and  is  reminiscent  of  the  Jump- to -con tact  phenomena  which  we  have 
discovered  in  simulations  of  the  interaction  between  a  gold  tip  brought  to 
contact  with  a  nickel  substrate,  although  the  elongation  found  in  the  present 
case  (~  0.35  K)  is  much  smaller  than  that  obtained  for  the  intermetallic 
contact  [2].  Decreasing  the  distance  between  the  tip-holder  assembly  and  the 
substrate  past  the  distance  corresponding  to  maximum  adhesive  interaction 
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(which  occurs  at  ~  2.3  S)  results  In  a  decrease  In  the  attractive 

interaction,  which  eventually  turns  slightly  repulsive  (positive  value  of  F  ), 

z 

acconpanied  by  a  slight  compression  of  the  tip  material.  Starting  from  that 
point  (djjg  =  26.5  8,  d^^  ~  1.4  8)  and  reversing  the  direction  of  motion  of  the 
tip-holder  assembly  (i.e.,  detracting  it  from  the  surface)  results  in  the 
force  curve  denoted  by  circles. 

As  clearly  observed  from  Fig.  7a,  the  force  versus  distance  relationship 
upon  tip-to- substrate  approach  and  subsequent  separation  exhibits  a  pronounced 
hysteresis.  The  origin  of  this  behavior,  which  is  alsb  reflected  in  the  tip 
potential-energy  versus  distance  curve  shown  in  Fig.  7b,  is  a  plastic 
deformation  of  the  crystalline  tip,  leading  to  eventual  fracture.  At  the  end 
of  the  lifting  processes  part  of  the  tip  remains  bonded  to  the  substrate. 

Tip  Sliding 

Starting  from  the  tip-substrate  configuration  under  a  slight  attractive 
load  (see  point  marked  by  an  arrow  in  Fig.  7a  (h..  s  1.7  8,  F.  :  -3.0  nM) 
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laterlal  motion  of  the  tip  parallel  to  the  surface  plane  is  initiated  by 

translating  the  tip-holder  assembly  in  the  <1,1,0>  direction  in  increments  of 
0.5  8,  followed  by  a  period  of  relaxation,  while  maintaining  the  vertical 
distance  between  the  tip-holder  and  the  substrate  at  a  constant  value.  This 
then  corresponds  to  a  constant-height  scan  in  the  language  of  atomic-force 
microscopy.  We  have  also  performed  constant-load  simulations  which  will  not 
be  discussed  here. 

The  recorded  component  of  the  force  on  the  tip  atoms  in  the  direction  of 
the  lateral  ontion,  as  a  function  of  the  displacement  of  the  tip-holder 
assembly,  is  shown  in  Fig.  8a  and  the  corresponding  potential  energy  of  the 
tip  atoms  is  given  in  Fig.  8b.  As  seen,  the  force  on  the  tip  exhibits  an 
oscillatory  variation  as  a  function  of  lateral  displacement  which  is  a 
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characteristic  of  atooic-scale  stick -slip  behavior.  Inspection  of  the  atonic 
configurations  along  the  trajectory  of  the  system  reveals  that  the  lateral 
displacement  results  in  shear-cleavage  of  the  tip.  The  sequence  of  atomic 
configurations  shown  in  Fig.  9  reveals  that  the  bottom  part  of  the  tip  remains 
bonded  to  the  substrate,  and  sliding  occurs  between  that  portion  of  the  tip 
material  and  the  adjacent  layers.  This  result  Indicates  that  under  the 
conditions  of  the  simulation  (i.e.,  small  load),  atomic  layers  of  the  tip  may 
be  transferred  to  the  substrate  upon  sliding.  From  the  average  value  of  the 
recorded  variation  in  the  tangential  force  on  the  tip  (see  Fig.  9a),  and  the 
contact  area  we  estimate  that  the  critical  yield  stress  associated  with  the 
initiation  of  slip  in  the  system  is  9  GPa,  in  good  correspondence  with  our 
previous  results  (see  Tables  II  and  III). 
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Table  1 


Calculated  foraation  energies  of  vacancy- interstitial  pairs  for  the  (110) 
and  (111)  surfaces  of  crystalline  CaF2*  Ep  ia  the  fornation  energy  when  the 
displaced  F~  anion  originates  in  the  topnost  surface  layer  and  then  placed  in 
the  adlayer  (i.e.,  the  vacant  layer  above  the  surface),  away  from  the  original 
site.  is  the  formation  energy  when  the  displaced  anion  is  moved  to  an 
octahedral  site  away  from  the  original  lattice  site  (that  octahedral  site  is 
in  the  top  layer  for  the  (110)  surface  and  is  subsurface  for  the  (111)  surface 
system). 


''f 

(110) 

1.95  eV 

1.75 

(111) 

2.70  eV 

2.db 

Bulk 

2.44  eV 

Bulk  (exp) 

2.71  eV 

14 


Table  II 


c  c 

Critical  stress,  a^_  (in  GPa),  and  strains,  -i  ,  obtained  via  constant- 
xz 

strain  aoleoular  dynamics  simulations  of  bulk  crystalline  CaF2  strained  in  the 

(111)  plane  along  the  <110>  (x)  direction,  at  several  temperatures.  The 
values  of  marked  "before”  and  "after"  corresponds  to  strain  values 
bracketing  the  critical  values  of  'r°  (i.e.,  the  system  did  not  fail  for  the 
values  marked  "before",  and  failed  for  those  marked  "after”).  The  correspond¬ 
ing  values  of  0°^  are  denoted  similarly.  Ue  note  that  the  stress  values, 
marked  "after"  are  obtained  from  a  short  time  interval,  since  afterwards 

failure  of  the  system  (slip  in  the  (111)  plane  in  the  <TlO>  direction)  is 
accompanied  by  relief  of  stress). 


T  (K)  0°^  (GPa) 


before 

after 

before 

after 

300 

9.2 

9.7 

0.20 

0.22 

1073 

5.1 

6.1 

0.14 

0.16 

1300 

3.5 

4.1 

0.11 

0.14 

1450 

1.7 

3.5 

0.06 

0.11 

E-15 


Table  111 


Critical  stress,  o°  (In  GPa),  and  strains,  obtained  via  constant- 
stress  Boleoular  dynamics  simulations  of  bulk  crystalline  CaF2  stressed  in  the 

(111)  plane  along  the  <110>  (x)  direction,  at  several  temperatures.  The 

values  of  marked  "before”  and  "after"  correspond  to  strain  values 

bracketing  the  critical  values  of  (i.e.,  the  system  did  not  fail  for  the 

xz 

values  marked  "bef(H‘e",  and  failed  for  those  marked  "after").  The  correspond- 

c  c 

ing  values  of  are  denoted  similarly.  We  note  that  the  stress  values, 

marked  "after"  are  obtained  from  a  short  time  interval,  since  afterwards 

failure  of  the  system  (slip  in  the  (111)  plane  in  the  <110>  direction)  is 
accompanied  by  relief  of  stress.  In  addition,  results  obtained  in  simulations 
(at  300  K)  were  a  single  defect,  or  a  stacking  fault  were  present,  are  given. 


T  (K)  (GPa) 


before 

after 

before 

after 

300 

8.4 

8.7 

0.20 

0.21 

1073 

4.6 

5.6 

0.11 

0.13 

1450 

0.26 

2.6 

0.009 

0.01 

300  (single  defect) 

6.6 

7.9 

0.15 

0.15 

300  (stacking  fault) 

8.5 

9.2 

0.20 

0.20 

^-16 


Figures 


Figure  1 ; 


Figure  2; 


Figure  3: 


Figure  4t 


Figure  5: 


Variation  of  lattice  constant  versus  tenperature  In  bulk  CaF2 
obtained  via  molecular  dynamics  simulations. 

Diffusion  constants  In  bulk  CaF2  versus  temperature.  Values 
obtained  via  MD  simulations  are  denoted  by  X  and  those  obtained 
experimentally  [7]  by  o. 

F~  anion  Junp  rate  (proportional  to  the  diffusion  constant) 
determined  via  HD  simulations  for  the  (110)  surface  of  CaF2. 

Jump  rates  for  F~  anions  in  the  topmost  surface  layer  are  denoted 
by  diamonds  (  ),  those  for  the  second  layer  down  by  X,  and  those 
for  the  5-th  layer  deep  by  filled  circles  (o).  Values  for  the  bulk 
are  denoted  by  filled  squares  ([]).  Note  the  onset  of  F~  diffusion 
In  the  surface  region  at  a  tenperature  below  that  for  the  bulk,  and 
the  enhanced  mobility  in  the  surface  region. 

Stress  component  {o  )  in  GPa  and  potential  energy  (in  eV)  versus 

strain  y  applied  in  the  (111)  plane  along  the  <110>  direotion,  at 
3(X)  K,  1073  K  and  1450  K,  (In  (a-d)  respectively).  Results 
obtained  via  constant-strain  MD  simulations.  Yield,  via  slip, 
occurs  past  the  maximum  value  of 

2 

Stress  component  (in  GPa)  and  Rg(t)  (see  Eq.  1),  versus  time 
(In  ps).  The  strain  is  Incremented  at  lOps,  20ps  and  30ps,  In 
constant  strain  simulations  of  bulk  CaF2  at  1300  K.  Note  that  in 
the  absence  of  strain  (0  £  t  <  lOps)  the  mobility  of  the  anions  Is 
rather  small  (see  Fig.  5b).  Strain- Induced  enhanced  mobility  of 
the  F~  anions  is  evident  for  larger  train  rates  (signified  by  the 
slopes  of  the  curves  in  (b-e).  Upon  reaching  the  critical  strain 
value  the  system  yields  via  slip  (accompanied  by  relief  of  internal 
stress  (see  for  t  >  30ps,  in  (a))  achieved  a  new,  strained. 
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Figure  6; 


Figure  7: 


Figure  8; 


Figure  9; 


equlllbrlUB  configuration.  As  seen  from  comparing  the  displacement 
of  the  Ions  shown  In  (c-e),  the  slip  (past  t  >  30  ps)  occurs  along 

the  X  (<110>)  direction  (see  In  particular  the  motion  of  the  C 

a 

Ions  which  Is  negligible  up  to  that  stage). 

Same  as  Fig.  5,  for  simulations  at  1A50K.  Note  that  at  this 

temperature  F*  mobility  Is  significant  even  for  the  unstrained. 

Component  of  the  force  on  the  tip  In  the  z  direction  (In  a),  and 

potential  energy  of  the  tip  (In  b),  obtained  via  MD  simulations 

of  a  CaF2  tip  lowered  and  subsequently  retracted  from  a  CaF2 

crystalline  (111)  surface.  Squares  denote  data  obtained  during  the 

tip-lowering  process  and  circles  for  tip  lift-off.  The  distance 

scale  (In  8)  correspond  to  d  (see  text).  Note  the  pronounced 

ns 

hysteresis  portrayed  In  both  the  force  and  potential  energy  curves. 
Force  In  nN  and  potential  energy  In  eV. 

Component  of  the  force  In  the  x  (<lTo>)  direction  and  potential 
energy  of  the  tip,  versus  lateral  displacement,  for  a  CaF2  sliding 

on  a  (111)  surface  In  the  <110>  direction.  Note  the  oscillatory 
variations  In  the  force  reflecting  stlck-sllp  upon  sliding. 

Selected  atomic  configurations  obtained  from  HD  simulations  of  a 
CaF2  tip  Interacting  with  a  (111)  CaF2  surface.  For  the  substrate 
green  and  red  balls  correspond  to  F~  and  Ca**^^,  respectively.  For 
the  tip  the  F~  anions  are  represented  by  the  yellow  balls  and  the 
blue  balls  denote  Ca^^.  (a)  Initial  configuration  (outside  the 

range  of  interaction  between  the  tip  and  the  substrate);  (b)  Tip 
and  substrate  at  contact  (point  marked  by  an  arrow  In  Fig.  8(a); 

(c)  A  slice  through  the  system  at  the  configuration  shown  In  (b); 

(d)  Configuration  corresponding  to  lateral  displacement  of  Ax  = 

2.1  8,  exhibiting  slip  between  tip  layers;  (e)  Configuration 


corresponding  to  A  s  5.8  S.  Note  that  the  proziael  region  (l.e., 
the  bottOB-Bost  layers)  of  the  tip  is  bonded  to  the  substrate,  and 
sliding  occurs  between  that  bonded  region  and  the  rest  of  the  tip 
asscBbly. 
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Scope 

The  design  and  operation  of  solid  lubricated  cereunic 
machine  components  in  extreme  environments  is  of  growing 
concern  in  defence  projects  and  other  areas.  In  order  to 
best  advance  these  technologies,  there  is  general 
recognition  that  advances  in  fundamental  understanding  of 
friction  and  wear  mechanisms  will  be  required.  To  this  end, 
on  the  experimental  side  it  is  desirable  to  seek  model 
systems,  i.e.  systems  of  sufficient  simplicity  that  the 
influences  of  various  variables  of  interest  can  be  cleanly 
separated.  By  contrast,  in  usual  engineering  systems,  so 
many  variables  operate  at  once  that  separating  the  roles  of 
these  influences  is  usually  not  possible.  Inasmuch  as 
interactions  between  surfaces  are  mediated  by  forces,  recent 
approaches  to  experimental  study  have  concentrated  on  the 
measurement  of  forces.  A  consensus  has  emerged  that  forces 
should  be  measured  between  asperity-free  surfaces,  or 
(equivalently)  between  single  model  asperities. 

This  report  is  an  assessment  of  the  usefulness  of  two 
methods  developed  very  recently:  atomic  force  microscopy 
(AFM),  and  molecular  tribometry.  The  report  is  organized 
into  four  sections.  The  first  summarizes  the  methods 
involved  and  the  principles  upon  which  they  are  based.  The 
second  section  summarizes  results  obtained  to  date 
(including  unpublished  results  not  available  in  the  open 
literature).  The  third  section  consists  of  technical 
comments  related  to  particular  materials  of  possible 
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interest.  The  fourth  section  provides  perspectives,  based 
upon  the  previous  sections,  upon  the  strengths  and 
limitations  of  these  new  methods,  and  concludes  with 
discussion  of  opportunities  for  exploiting  these  methods  in 
developing  advanced  technologies. 
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Description  of  methods. 

a.  The  atomic  force  microscope  (AFM)  evolved  from  scanning 
tunnelling  microscopy  (STM).  In  distinction  to  STM,  it  does 
not  require  a  conducting  substrate.  A  sharp  needle-li)ce  tip 
is  held  perpendicular  to  a  surface,  separated  from  that 
surface  by  less  than  10“^  meter.  The  force  on  the  tip, 
arising  from  surface-tip  energetic  interactions,  is  measured 
by  the  deflection  of  a  spring  to  which  the  tip  is  mounted. 
The  extension  of  AFM  to  measurement  of  interesting  tribology 
at  the  atomic  level  emerged  from  the  pioneering  work  of 
McClelland,  Mate,  Erlandsson,  and  Chiang  (IBM  Almaden 
Research  Laboratories)  in  a  paper  published  in  Octolser  1987 
[1]. 

A  schematic  diagram  of  the  most  recent  version  of  this 
apparatus  [2]  is  shown  in  Figure  1.  The  tip  is  positioned 
close  to  the  surface  and  then  is  rastered  across  it  by 
applying  voltage  to  piezoelectric  elements.  Motion  of  the 
tip  is  detected  by  optical  interferometry.  Currently  this 
tip  is  made  of  tungsten  wire  (although,  as  discussed  l>elow, 
there  are  many  other  possibilities),  and  measurements  are 
made  in  the  ambient  air. 


Figure  1 

(from  reference  2) 
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An  ultra-high- vacuum  (UHV)  installation  in  which  to 
make  these  tribology  measurements  is  near  completion  in  the 
IBM  laboratories  [3].  In  principle,  the  friction  force  on  a 
single  atom  could  be  measured  by  this  method. 

b.  Two  molecular  tribometry  instruments  of  different 
design  have  been  developed  to  date:  by  Israelachvili  [4] 
and  by  Van  Alsten  and  Granick  [ 5 , 6  J .  Both  derive  from  the 
surface  forces  apparatus,  an  instrument  developed  originally 
in  the  laboratory  of  David  Tabor  [7]  for  the  purpose  of 
measuring  van  der  Waals  forces  as  a  function  of  surface 
separation,  and  applied  to  many  surface  problems  during  the 
past  10  years  through  the  trailblazing  work  of  Israelachvili 
and  coworkers  [ 8 ] . 

The  method  involves  interactions  between  two  surfaces 
of  macroscopic  size  (rather  than  a  single  surface  in  contact 
with  the  tip  of  an  AFM).  In  the  surface  forces  apparatus 
these  surfaces  are  positioned  as  crossed  cylinders  as  a 
means  to  sidestep  the  otherwise  serious  problem  of  aligning 
two  planes  to  be  absolutely  parallel.  However,  the 
molecular  tribometry  instruments  [4-6]  are  designed  to 
operate  under  such  large  normal  pressures  (either  adhesive 
or  compressive)  that  the  crossed  cylinders  actually  flatten 
at  the  point  of  contact  to  form  two  parallel  plates 
separated  by  boundary  layers.  In  effect,  this  constitutes  a 
model  asperity.  When  atomically  smooth  surfaces  are 
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employed  in  a  molecular  triboraeter,  the  apparent  area  of 
contact  is  also  the  true  area  of  contact.  This  true  contact 
area  is  measured  directly  by  multiple  becim  interferometry. 

A  schematic  diagram  of  the  Israelachvili  tribometry 
apparatus  is  shown  in  Figure  2.  Differential  double 
cantilever  springs  are  used  to  apply  pressure  and  also  to 
apply  shearing  force.  Strain  gauges  detect  the  friction 
force.  Sliding  is  over  macroscopic  distances,  distances 
from  hundreds  of  micrometers  up  to  millimeters. 


Figure  2 

(from  reference  4) 


Instrumental  improvements  to  increase  the  distance  and 
force  resolution  are  underway  [9). 

A  schematic  diagram  of  the  Van  Alsten-Granick 
tribometry  apparatus  is  shown  in  Figure  3.  As  in  the 
Israelachvili  instrument,  normal  pressures  are  applied  using 
springs.  Unlike  that  instrument,  piezolectric  bimorph 
elements  apply  a  shearing  force  and  detect  the  resulting 
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displacement.  The  phase  lag  between  stress  and  strain  is 
measured,  so  that  the  viscosity  o£  boundary  layers  can  be 
calculated.  Sliding  distances  can  be  varied  from  1  nm  to  10 
\m,  making  possible  direct  measurements  of  the  transition 
from  microdisplacements  to  macrodisplacements. 
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Figure  3 

(from  reference  6) 
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Results  to  date  (including  unpublished  results) 

Progress  to  date  has  been  of  considerable  interest. 

Even  though  AFM  and  molecular  tribometry  studies  have  begun 
to  appear  in  print  only  within  the  past  12  months,  the 
accumulation  of  new  results  has  been  rapid.  The  state  of 
development  at  the  time  of  this  writing  (October,  1988)  is 
listed  and  discussed  below. 

a)  Atomic  periodicity. 

McClelland  and  coworkers  [1]  found  that  when  the  tip  of 
a  sharp  tungsten  wire  was  slid  on  the  basal  plane  of 
graphite,  stick-slip  was  observed  with  the  periodicity  of 
the  graphite  lattice,  approximately  2.5  A.  Later 
experiments,  still  unpublished  [2],  found  the  analogous 
result  for  tungsten  wire  slid  on  the  basal  plane  of  mica, 
the  period  of  stick-slip  now  being  that  of  the  mica  lattice, 
approximately  5.2  A.  The  general  result  appears  to  emerge 
that  the  friction  of  a  tip  against  a  crystal  surface  is 
modulated  with  the  atomic  periodicity  of  the  crystal 
surface. 

Under  active  investigation  by  these  experimenters  is 
the  question  of  what  was  sliding  on  what.  Chemistry  at  the 
tip  was  probably  tungsten  oxide  since  the  experiments  were 
conducted  in  ambient  air.  Although  the  normal  forces  were 
exceedingly  low  by  usual  standards  (as  low  as  10“®  N),  this 
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represents  a  crushing  force  if  concentrated  at  a  single 
atom.  It  follows  that  the  needle-like  tips  were  blunted  to 
diameters  of  perhaps  2,000-3,000  A  and  were  probably  not 
smooth  over  the  encompassed  area.  Finally,  the  possibility 
is  still  open  that  in  these  experiments  the  tip  actually 
dislodged  from  the  easily  cleaved  graphite  and  mica 
substrates  thin  flakes  of  these  substrates,  which  stuck  to 
the  tip,  so  that  in  fact  the  measurements  entailed  graphite 
sliding  on  graphite  and  mica  sliding  on  mica.  These  and 
other  uncertainties  have  been  carefully  discussed  [1,2]. 

They  have  motivated  these  researchers  to  undertake  the 
ambitious,  time-consuming  task  of  placing  their  apparatus 
inside  a  UHV  chamber  [ 3 ] . 

b)  Quantized  friction. 

Israelachvili  and  coworkers  [4]  found,  studying  the 
sliding  of  parallel  sheets  of  mica  past  one  another  when 
separated  by  thin  films  of  cyclohexane  and  octamethyltetra- 
siloxane  (OMCTS)  liquid  lubricants,  that  the  dynamic 
friction  increased  stepwise  with  decreasing  film  thickness. 
In  addition  the  dynamic  friction  was  preceeded  by  a  static 
friction,  implying  that  the  liquid  films  were  solid-like. 

The  range  of  thickness  measurements  was  the  extraordinarily 
thin  range  of  4  to  1  molecular  thicknesses.  This  finding  of 
"quantized  friction"  between  parallel  surfaces  separated  by 
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a  liquid  boundary  layer  has  excited  considerable  attention 
in  the  news  media. 

More  recent  work  by  this  group  has  concentrated  on 
stick-slip  phenomena  encountered  during  sliding.  Stick-slip 
was  observed  in  boundary  layer  systems  where  the  surface- 
surface  interactions  are  attractive  (adhesive),  but  it  was 
not  observed  in  cases  where  the  surface-surface  interactions 
were  repulsive  [10]. 

c)  Solid  lubrication  by  liquids. 

As  noted  above,  a  sufficiently  thin  boundary  layer  of 
liquid  appears  to  solidify  when  confined  under  pressure 
between  parallel  surfaces.  Van  Alsten  and  Granick  [6,11] 
have  studied  this  phenomenon  extensively.  Boundary  layer 
widths  have  ranged  from  6  to  1  molecular  thicknesses.  Using 
the  nonpolar  liquids  hexadecane  and  OMCTS,  these  researchers 
observed  [6,11]  that  when  the  normal  pressure  reached  levels 
near  those  required  to  cause  an  additional  layer  of  liquid 
molecules  to  drain  from  between  the  solid  surfaces,  the 
systems  became  unstable  between  drainage  and  solidification. 
In  other  words,  either  liquid-like  or  solid-like  response 
could  be  exhibited  at  the  same  layer  number.  The  transition 
from  liquid-like  response  (zero  shear  stress  required  to 
initiate  macroscopic  sliding)  to  solid- like  response  (finite 
shear  stress  required  to  initiate  macroscopic  sliding)  was 
rapid  and  reversible,  suggesting  a  phase  transition.  Such  a 
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phase  transition  might  eventually  be  of  engineering 
significance  in  solid  lubrication  technology. 

The  shear  stress  of  such  solidified  liquids  has  been 
found  to  evolve  with  time  after  the  film  was  formed.  An 
example  is  shown  in  Figure  4.  The  experiment  concerned 
hexadecane  (thickness  2  molecular  widths)  at  a  mean  normal 
pressure  of  6  MPa.  Over  a  period  of  600  seconds,  the 
critical  shear  stress  required  to  initiate  macroscopic  slip 
increased  by  a  factor  of  over  15%. 


Figure  4 

(from  reference  11) 


d)  Microviscosit^ 


Quantized  friction  was  reported  [4]  for  the  dynamic 
friction  which  succeeds  static  friction.  Ultrathin  liquid 
films  do  not,  however,  always  solidify;  under  certain 
conditions  vastly  enhanced  microviscosity  is  observed 
instead  [6,11].  The  dissipative  drag,  characterized  as  an 
apparent  viscosity  (Uapp)'  illustrated  in  Figure  5  below 
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for  experiments  involving  hexadecane.  In  Figure  5,  the 
arrows  indicate  the  direction  of  increasing  pressure. 


Figure  5 

(from  reference  6) 

These  experiments  involved  sinusoidal  oscillation  at  1 
Hz  with  small  amplitudes,  200  nro  (o)  and  1000  nm  (•).  The 
lack  of  dependence  of  the  apparent  viscosity  on  the 
an^lltude  of  oscillation  shows  that  the  quantity  which  was 
determined  experimentally,  the  dissipative  wall  shear 
stress,  was  directly  proportional  to  the  velocity  of  motion, 
which  is  characteristic  of  liquid  behavior.  Clearly,  the 
apparent  viscosity  was  not  well-defined  as  a  function  of 
film  thickness  (D)  only,  but  depended  also  on  the  pressure 
(P): 


JJ^app  =  U(D,P)  . 
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Molecular  tribometry  was  used  [11]  to  measure  the 
critical  shear  force  required  to  cause  slip  between 
solidified  hexadecane  films.  The  static  shear  strength  was 
calculated  after  normalizing  for  the  measured  areas  of 
contact.  This  increased  rapidly  with  the  mean  normal 
pressure,  as  illustrated  in  Figure  6  for  hexadecane: 

i 
1 
j 
i 


S  «  '4  t  •  t 

AreMPt 

Figure  6 

(from  reference  11) 

This  result  and  results  of  extensive  other  experiments 
[11]  show  that  the  shear  strength  (x)  in  these  experiments 
cannot  be  described  by  a  single  number,  but  increases  in 
direct  proportion  to  the  mean  normal  pressure  (P): 

X  =  Xq  +  oP  . 
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The  coefficient  of  proportionality  (a)  was  substantial.  For 
the  data  shown  in  Figure  6,  a  »  20. 
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Materials  requirements 


The  practicing  engineer  who  designs  advanced  solid 
lubricated  ceramic  systems  is  concerned  with  the  use  and 
preparation  of  specific  ceramic  materials  and  solid 
lubricants.  To  apply  the  direct  force  methods  to  a  wider 
variety  of  solid  substrates  than  has  been  studied  yet  is 
clearly  desirable.  Among  ceramic  substrates,  both  single 
crystal  and  polycrystalline  engineering  material  versions  of 
a-SiC,  p-SiC,  a-Si3N4,  and  of  p-Si3N4,  are  of  evident 
interest.  Among  solid  lubricants,  single  crystals,  pure  CVD 
and  sputtered  or  ion-plated  films  of  2H-M0S2,  graphite, 
rutile,  and  hexagonal  (pyrolitic)  boron  nitride  are  also  of 
evident  interest. 

Clearly,  the  feasibility  of  such  endeavors  depends  on 
the  questions  one  wishes  to  answer.  This  aspect  of  these 
experiments  is  discussed  further  in  the  section  IV  of  this 
report.  Central  technical  considerations  are  the  following. 

a)  Materials  requirements  for  AFM 

AFM  experiments  to  date  have  dealt  with  single  crystal 
surfaces.  What  the  experiment  might  tell  about  an  amorphous 
material  is  not  yet  clear.  To  avoid  an  influence  upon 
tribological  response  by  mechanical  interlocking,  the 
substrate  should  be  free  of  steps  over  the  area  of  contact. 
The  expanse  of  smooth  contact  area  required  for  AFM  with 
present  measurement  techniques  is  approximately  0.1  4m  in 
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diameter  (to  allow  for  blunting  of  the  tip).  This  is  not 
difficult  to  achieve  for  many  materials  using 
straightforward  existing  methods.  For  example,  even 
polycrystalline  samples  have  many  smooth  regions  of  this 
expanse . 

In  AFM,  a  tip  slides  on  a  substrate.  Uncertainties 
regarding  chemistry  and  topography  at  the  tip  appear  to 
limit  interpretation  of  AFM  experiments  at  present.  The 
discussion  above  has  mentioned  uncertainties  regarding  the 
influence  of  common  airborne  contaminants.  Other 
uncertainties  concern  mechanical  deformation  of  the  tip  in 
response  to  the  normal  and  shear  forces.  These  latter 
issues  have  been  simulated  theoretically  by  Landman  [14]. 

In  principle,  the  AFM  method  would  be  capable  of  probing  the 
friction  of  a  single  atom  sliding  against  a  ceramic 
substrate.  In  practice,  considerable  development  of 
technique  must  preceed  that  development. 

Many  varieties  of  tip  chemistry  appear  to  be  feasible. 
The  chief  requirement  appears  to  be  a  stiff  tip.  Thus  Pt, 
CaF2,  W,  and  the  like  are  candidate  tip  materials; 
polyethylene,  graphite,  and  M0S2  are  not  because  they  are 
too  compliant. 

The  applicability  of  AFM  to  studying  lubrication  has 
not  yet  been  investigated  directly.  As  discussed  above, 
however,  the  experiments  which  show  periodic  friction  with 
the  repeat  spacing  of  the  substrate’s  crystal  lattice  do  not 
show  any  evident  influence  of  the  common  adsorbed  airborne 
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contaminants  which  surely  coated  these  substrates.  It  is 
not  yet  clear  whether  the  AFM  method  could  be  sensitive  at 
the  same  time  to  a  solid  substrate  and  to  a  lubricant  layer 
which  coated  it. 

b)  Materials  requirements  for  molecular  tribometrv 

Molecular  tribometry  concerns  the  sliding  of  one 
atomically  smooth  surface  past  another  atomically  smooth 
surface.  The  contact  area  is  vastly  larger  (presently  ca. 
100  um  in  diameter)  than  molecular  dimensions.  This  is 
desirable  for  two  reasons.  In  the  first  place  it  affords  a 
simple  means  to  achieve  low  (i.e.  not  a  crushing)  normal 
force  per  molecule.  In  the  second  place,  it  is  closer  to 
actual  engineering  practice.  As  in  AFM,  the  surface 
separation  is  comparable  to  molecular  dimensions. 

The  requirements  for  the  solid  substrate  surfaces 
presently  are  essentially  three:  atomic  smoothness  over 
large  area,  translucency  to  white  light,  and  crossed 
cylinder  (not  planar)  geometry.  Muscovite  mica  substrates, 
smooth  over  ca.  1  cm^,  are  presently  used,  but  the  actual 
smooth  area  required  is  less  than  this.  Atomic  smoothness 
over  an  area  of  ca.  1  mm  in  diameter  is  required  for 
experiments  using  the  Israelachvili  apparatus,  and  over  an 
area  of  ca.  100  um  in  diameter  for  experiments  using  the  Van 
Alsten-Granick  apparatus.  Translucency  is  required  in  order 
to  do  optical  interferometry;  light  must  pass  through  the 
substrates  at  the  actual  contact  spot.  Crossed  cylinder 
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geometry  is  required  to  alleviate  problems  of  alignment,  as 
discussed  above.  However,  note  that  the  actual  sliding  is 
between  substrates  which  have  been  flattened  at  the  place  of 
physical  contact.  The  substrate  does  not  need  to  be  flat  at 
this  point  of  contact. 

There  is  little  experience  yet  in  altering  the 
chemistry  of  muscovite  mica.  However,  it  is  clear  that 
polycrystalline  samples  with  crystals  smaller  than  the 
contact  area  would  be  undesirable,  because  this  would 
inevitably  introduce  elements  of  wear  and  mechanical 
deformation  into  an  experiment  a  large  part  of  whose  appeal 
is  that  presently  those  elements  are  absent.  On  the  other 
hand,  even  polycrystalline  samples  are  of  course  comprised 
of  many  single  crystals.  A  polycrystalline  sample  is 
suitable  providing  that  the  contact  area  is  sufficiently 
small.  As  noted  in  the  preceeding  paragraph,  there  is  no 
requirement  that  the  crystals  be  curved  (although,  to  be 
sure,  a  curved  geometry  simplifies  considerably  the 
logistics  of  the  experiment). 

Fairly  straightforward  extension  of  the  Van  Alsten- 
Granick  tribometer  would  permit  measurements  using  contact 
areas  10  to  100  times  smaller  than  at  present.  Use  of 
surfaces  with  smaller  radius  of  curvature  (currently,  2  cm 
radius  of  curvature  is  customary),  along  with  improved 
optical  detection  schemes,  would  make  this  possible. 

More  extensive  instrumental  extension  of  the  Van 
Alsten-Granick  tribometer  would  permit  measurements  using 
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films  too  thick  to  allow  optical  translucency.  Many 
materials  become  opaque  when  they  are  thicker  than 
approximately  100  A.  Thicker  films  (0.2  um  or  thicker) 
would  be  desirable  because  atomic  smoothness  is  more 
difficult  to  achieve  with  thin  films  than  with  thick  films. 
However,  a  price  would  be  paid  because  with  opaque  films  one 
would  no  longer  be  able  to  directly  image  the  zone  of 
contact.  Detection  by  capacitance  or  by  interferometry 
between  points  close  to,  but  not  quite  at,  the  position  of 
physical  contact,  should  be  possible,  although  the  necessary 
methods  development  would  require  time,  effort,  and  expense. 

The  requirements  with  respect  to  solid  lubricants  are 
more  flexible.  As  described  above,  the  experiments 
conducted  to  date  in  fact  have  focused  on  lubricated 
sliding.  It  is  clear  from  the  outset  that  the  method  is 
extremely  sensitive  to  the  presence  of  lubricants  —  this 
researcher  knows  well  from  bitter  experience  that  the  mica- 
mica  friction  measured  in  a  humid  nitrogen  atmosphere 
(moisture  condensed  on  the  substrates)  is  completely 
different  from  that  measured  in  dry  nitrogen  atmosphere. 

Three  excimples  of  solid  lubricant  studies  exist.  First 
is  the  curious  case  of  solidified  ultrathin  liquid  films, 
discussed  above  in  the  Results  section.  Second  is  M0S2. 

Dr.  Paul  Fleischauer  (Aerospace  Corp. )  is  investigating  [13] 
the  feasibility  of  vacuum  deposition  of  M0S2  onto  muscovite 
mica,  in  collaboration  with  Granick  and  coworkers  who  will 
characterize  these  films  with  their  tribometer.  Since  the 
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experiments  began  2  months  ago,  promising  results  have 
already  been  obtained.  The  third  example  is  uhe  case  of 
organic  solid  lubricants.  The  feasibility  of  covalent 
binding  of  octamethyltrichlorosilane  (OTS)  films  to  mica  has 
been  demonstrated  [12].  This  indicates  the  feasibility  of 
studying  by  this  method  the  performance  of  bonded 
lubricants . 

The  statement  of  work  for  the  present  report  requested 
discussion  of  up-down  hysteresis  and  of  scan  rates.  The 
former  does  not  appear  to  be  a  problematical  issue  for  the 
tribometers  described  in  this  report.  However,  different 
scan  rates  between  the  Israelachvili  and  the  Van  Alsten- 
Granick  tribometers  (and  correspondingly  different 
equilibration  times  allowed  to  the  boundary  layer  lubricant 
molecules  within  the  zone  of  contact)  may  underlie  some 
quantitative  differences  between  the  findings  obtained  with 
the  respective  instruments.  The  strong  influence  of  scan 
rate  on  results  is  illustrated  by  the  data  shown  in  Figure  6 
(page  13) . 
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Perspectives  and  future  possibilities 

The  strengths  of  the  AFM  and  molecular  tribometry 
methods  can  be  summarized  as  follows.  Above  all,  with  these 
tools  friction  is  probed  at  the  molecular  level  on  well- 
defined  systems.  Tribologists  are  well  aware  of  the  many 
respects  in  which  tribology  is  poorly  understood  at  present; 
this  is  inevitable  because  of  the  complexity  of  usual 
engineering  systems.  The  understanding  which  may  be  gained 
from  studies  at  the  molecular  level  is  essential  in  order  to 
achieve  qualitatively  new  —  as  opposed  to  incrementally 
perfected  —  advances  in  technology. 

Second,  experiments  using  these  tools  can  generate  firm 
answers  regarding  the  role  of  parameters  long  known  to 
influence  boundary  layer  friction,  but  which  have  been 
difficult  to  measure  or  separate  in  many  past  studies:  true 
area  of  contact,  adhesion,  and  thickness  of  and  chemical 
species  within  the  boundary  layer.  The  surface  chemical 
components  of  friction  can  be  separated  from  the  mechanical 
ones. 

Third,  it  is  important  to  note  that  the  conclusions 
that  are  emerging  so  far  concern  very  general  physical 
properties:  role  of  periodicity  of  substrate  lattice, 
unusual  packing  of  lubricant  molecules  in  constricted 
geometries,  and  so  forth.  These  conclusions  go  beyond  the 
characterization  of  any  particular  material.  They  are 
generic,  and  in  time  they  may  actually  change  our 
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understanding  of  friction  as  a  physical  phenomenon.  They 
may  allow  the  eventual  design  of  qualitatively  new  tribology 
materials  which  do  not  exist  yet. 

The  limitations  of  AFM  and  molecular  tribometry  can  be 
summarized  to  be  the  following  (which  researchers  are 
working  to  deal  with) .  First,  the  experiments  have  so  far 
focused  on  friction  and  have  ignored  wear.  Second,  all  the 
experiments  have  been  performed,  at  some  stage,  in  the 
ambient  laboratory  air.  Thus  the  tungsten  tips  used  in  the 
AFM  approach  were  surely  oxidized;  the  mica  surfaces  used 
in  the  molecular  tribometry  approach  surely  bore  condensed 
vapors.  Third,  the  materials  studied  have  been  limited  to  a 
small  number  of  instances,  chosen  for  experimental 
convenience  rather  than  their  technological  interest.  The 
conclusions  from  these  experiments,  although  curious  and 
exciting,  have  not  yet  been  material-specific. 

AFM  and  molecular  triisometry  are  complementary,  not 
competing  approaches.  AFM  studies  substrate- tip  tribology; 
molecular  tribometry  studies  substrate-substrate-lubricant 
tribology. 

The  ultimate  well-defined  system  —  a  single  sliding 
atom)  —  which  is  obtainable  in  principle  using  atomic  force 
microscopy  is  its  shining  advantage.  However,  the  variety 
of  tip  surfaces  one  might  work  with  is  apt  to  be  limited 
even  in  principle  to  stiff  materials,  and  the  possibilities 
of  studying  lubricated  sliding  are  not  yet  known. 
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The  chief  virtues  of  molecular  tribometry  are  the  well- 
defined  area  of  contact,  the  ease  of  studying  boundary  layer 
lubrication,  and  the  chemical  control  over  both  sliding 
surfaces  which  is  obtainable  in  principle.  However,  the 
requirements  of  substrate  smoothness  are  stringent.  Because 
the  measurements  average  over  an  area  of  contact  vastly 
larger  than  that  from  a  single  atom,  these  measurements 
always  concern  an  assembly  of  atoms,  although  the  surface- 
surface  separation  is  well-defined  to  0.1  nm  or  less. 

Both  AFM  and  molecular  tribometry  are  extremely  recent, 
their  lifetimes  being  measured  in  months  rather  than  years. 
Development  is  proceeding  rapidly.  The  findings  obtained  to 
date  could  not  have  been  predicted  based  on  prior 
accumulated  knowledge  in  the  discipline.  As  experimental 
work  continues  on  tribology  studies  with  carefully  prepared 
surfaces,  and  as  theoreticians  continue  to  analyze  these 
novel  experiments  [14],  one  may  confidently  expect  further 
unsuspected  findings  and  understandings  to  emerge. 
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ANNEXES  :  Ncmthly  reports 


INTRODUCTION 

Layered  hexagonal  lubricants  (such  as  graphite  and  molybdenum 
disulphide  M0S2)  have  been  extensively  studied  in  the  literature,  because 
of  their  unique  anisotropic  shear  strength  properties. 

For  these  two  materials  however,  the  presence  of  defects  in  the 
crystal  structure  and  of  intercalants  determines  the  magnitude  of  the  shear 
strength  [1]. 

For  the  graphite,  the  superficial  orientation  is  obtained  only  in  the 
presence  of  moisture  and  oxygen  and  friction  is  high  in  vacuum.  On  the 
other  hand,  M0S2,  which  is  oriented  in  vacuum,  lose  its  lubricating 
property  in  the  presence  of  water  vapor. 

Hexagonal  boron  nitride  (h-BN)  belongs  to  the  same  family,  but 
surprisingly,  little  is  known  about  the  friction  properties  of  this 
material  of  considerable  interest.  Nevertheless  a  survey  of  the  literature 
indicates  that  it  should  resemble  graphite  and  indeed  there  is  some 
evidence  for  this  [2]. 

The  good  thermal  and  oxidation  resistance  of  h-BN  means  that  it  may 
be  a  good  candidate  for  high  temperature  lubrication.  The  friction  study  of 
h-BN  in  vacuum  at  room  temperature  represents  a  good  basic  approach,  since 
the  role  of  environmental  gases  (a  first  parameter  to  take  into  account 
with  lamellar  solids)  can  be  emphasized  and  this  determines  the  basis  for 
other  experiments  in  more  practical  situations. 

From  the  fundamental  point  of  view,  friction  under  vacuum  presents 
several  advantages  in  the  field  of  the  study  of  tribochemistry  : 

-  surface  chemistry  can  be  accurately  controlled  by  well  established 
surface  analysis  techniques  (ESCA,  AES...), 

-  surfaces  can  be  cleaned  by  ion  etching  or  by  annealing  in  non 
reactive  environments, 

-  the  effects  of  environment  gas  pressures  can  be  carefully  studied, 

-  the  friction  experiment  in  vacuum  can  be  easily  followed  by  low 
magnification  scanning  electron  microscopy  and  video  recorded  (if 
specimens  are  not  insulators) . 


We  have  developped  a  U.H.V.  friction  machine  coupled  with  surface 
analysis  and  thin  films  deposition  instrumentation.  The  diagram  of  this 
apparatus  is  shown  in  figure  1  . 

In  this  tester  a  flat  disc  is  rotated  or  a  flat  plate  is  oscillated 
against  a  hemispherical  pin,  in  an  ultrahigh  vacuum  (UHV)  chamber.  A  vacuum 
environment  of  10  nPa  can  be  achieved.  The  test  chamber  can  be  filled  (4) 
with  different  partial  pressures  of  reactive  gases  for  the  tribo-tests  and 
pumped  down  for  surface  analysis.  The  purity  of  the  gas  can  be  accurately 
controlled  with  a  residual  gas  analyzer  .  XPS  data  acquisition  and 

analysis  are  controlled  by  a  microcomputer.  An  electron  gun  with  a 

probe  of  200  nm  diameter  at  10  KV  and  0.5  nA  current  permits  both  low 
magnification  SEM,  with  the  electron  detector  during  or  after  the 

friction  test,  (with  video  recording  for  image  processing)  and  Auger 
Electron  Spectroscopy  (AES)  with  the  use  of  the  electron  spectrometer  (l^ . 
An  important  feature  is  that  both  the  flat  and  the  pin  can  be  imaged  and 
analyzed,  because  the  pin  can  be  lifted  off  and  turned  around  for  periodic 
Einalysis  of  its  wear  scar. 

The  entire  system  (pin  €ind  disc)  can  be  first  transferred  into  a 
preparatory  chamber  for  vacuum  evaporated  layers  (^,  ,  ion  etching, 

annealing  or  heating  with  a  reactive  gas.  Before  analysis  and  tribotesting, 
the  specimen  can  be  cleaned  by  ion  etching  {^1^  or  annealed  at  a  given 
temperature  (1^  and  then  transferred-back  into  the  test  chamber,  analyzed 
by  X-ray  Photoelectron  Spectroscopy  (XPS)  ,  tribo-tested  and  the  wear 

scars  periodically  analyzed  with  the  Scanning  Auger  Microscope  (SAM) .  The 
chamber  is  equipped  with  a  fast  entry  lock  and  a  transfer  mechanism,  so 
that  specimens  can  be  changed  without  breaking  UHV  conditions  in  the  main 


test  chamber.  Both  pin  and  plate  cein  be  changed  with  this  system.  Another 
feature  is  the  computerized  data  logging  system,  which  permits  the 
recording  of  the  friction  coeffici’en*"  under  different  tribological 
conditions . 
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A  BRIEF  OVERVIEW  OF  THE 
STRUCTURE  OF  HEXAGONAL 
BORON  NITRIDE 


Boron  nitride  (BN) ,  is  a  material  of  considerable  interest. 
Stoichiometric  BN  can  exist  in  both  hexagonal  (h-BN)  and  cubic  (C-BN) 
crystalline  modification.  The  molecular  structure  of  the  hexagonal  phase 
(h-BN)  is  very  similar  to  graphite  except  that  layers  are  aligned 
vertically.  All  the  atoms  are  aligned  in  the  b  direction  in  boron  nitride 
(c-axis) ,  figure  2a,  in  particular,  boron  and  nitrogen  atoms  are  positioned 
on  top  of  each  other  in  adjacent  layers. 

Small  flakes  of  h-BN  can  be  deposited  on  a  TEM  grid,  and  electron 
trsinsparent  material  is  found  to  be  oriented  with  the  c-axis  parallel  to 
the  primary  incident  beam  ;  the  selected  area  diffraction  (SAD)  pattern 
from  a  single  crystal  flake  shows  the  hexagonal  symmetry,  the  intense  hkl 
reflections  corresponding  to  hexagonal  boron  nitride  according  to  Wyckoff 

C3]. 

When  the  electron  beam  is  directed  in  direction  2  (parallel  to  the  BN 
layers),  by  tilting  the  preparation,  the  SAD  pattern  presents  higher  order 
001  reflections.  By  using  a  suitable  objective  aperture  in  the  TEM,  002 
lattice  fringes  can  be  imaged  (figure  2b)  showing  the  periodicity  of 
adjacent  BN  layers  (interlayer  distance  :  3-33  A).  It  is  evident  that 
defects  are  common. 

It  is  also  observed  that  small  flakes  of  h-BN  which  consist  of  single 
crystals  are  surprisingly  ductile  and  that  dislocation  movements  are 
relatively  easy. 

It  is  not  easy  to  obtain  large  single  crystals  of  lamellar  boron 
nitride  ;  the  bulk  material  generally  consists  of  small  crystallites  which 
are  sintered  or  bonded  together  with  a  binder. 

It  is  the  electronic  structure  of  a  material  which  determines  the 
crystal  structure.  Regarding  the  crystal  structure  of  h-BN,  it  is  seen  that 
it  resembles  graphite  and  this  is  consistent  with  simple  SP2  hybridization 
of  the  boron  and  nitrogen  orbitals  within  the  planes,  resulting  in  trigonal 
o  bonding.  This  would  require  all  the  boron  valence  electrons  (except  those 
donated  ionically  to  nitrogen)  to  be  involved  in  o  bonding  ;  thj.s  is  very 
well  demonstrated  by  the  Electron  Energy  Loss  (EEL)  spectrum  obtained  on  a 
thin  h-BN  flake  (figure  3)'  As  the  core  edge  fine  structure  can  be  related 
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to  density  of  states,  a  resemblance  is  expected  between  peaks  in  the  EEL 
spectrum  and  the  density  of  unoccupied  conduction  states  in  the  solid. 

Theoretically,  boron  and  nitrogen  have  the  same  band  structure, 
discrepancies  observed  in  the  fine  structure  of  the  two  K-edges  in  the  EEL 
spectrum  are  attributed  to  a  charge  transfer  from  boron  to  nitrogen. 
Actually,  the  XPS  core  level  binding  energies  [4]  indicate  prove  that  h-BN 
is  partially  ionic  (as  would  be  expected  on  the  basis  of 
electronegativities).  The  existence  of  a  dipole  moment  can  explain  the  fact 
that  the  planar  layers  of  fused  hexagons  are  aligned  vertically  (compared 
to  graphite  which  is  fully  covalent). 

The  band  structure  of  h-BN  is  composed  of  narrow  bands  which  are 
quite  flat  [5]  ;  this  band  structure  is  similar  to  that  of  graphite,  but 
one  striking  difference  between  the  two  electronic  structures  is  that 
graphite,  unlike  h-BN,  does  not  have  a  band  gap  (consistent  with  its 
semimetallic  nature) . 

The  interplanar  forces  are  of  special  interest  for  the  frictional 
properties  of  lamellar  solids.  It  is  seen  that  the  atoms  arranged  in  layers 
are  relatively  far  apart  (3-33  A  in  h-BN)  whilst  the  B  and  N  atoms  "in 
plane"  are  1.45  A  apart.  Thus  the  interlayer  bonding  between  "sheets"  is 
very  weak  and  is  generally  attributed  to  Van  der  Waals  forces  in  the  case 
of  graphite.  The  situation  is  quite  different  for  h-BN  where  the  layers 
consist  of  a  mosaic  of  positive  and  negative  charges  ;  it  is  speculated 
that  bonding  between  BN  layers  is  of  an  electrostatic  nature,  according  to 
Joyner  [3]  there  is  unlikely  to  be  significant  n  bonding  normal  to  the 
layers  because  of  the  large  interplanar  distance.  In  the  case  of  FeCl^ 
intercalated  graphite  it  has  been  shown  [6]  that  the  tt  band  structure  is 
not  significantly  different  from  pure  graphite.  Actually,  intercalation  of 
h-BN  is  not  reported  in  the  literature. 

Anyway,  the  cleavage  face  of  h-BN  cannot  be  a  particularly  low-energy 
surface  although  it  will  be  less  reactive  that  the  edges  of  the  crystal.  On 
the  other  hand,  organic  compounds  are  known  to  form  complexes  with  the 
filled  N2px  orbitals. 

Oxygen  does  not  easily  react  with  h-BN  ;  it  is  known  that  h-BN  begins 
to  oxidize  in  air  at  800*C,  leading  to  boron  trioxide  B2O3  [7]. 

In  conclusion,  in  spite  of  small  differences  in  the  valence  band 
structures,  friction  properties  of  h-BN  and  graphite  are  speculated  to  be 
very  similar  (at  least  under  vacuum),  because  of  anisotropic  properties  due 
to  their  crystallographic  structure. 
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CHARACTERIZATION  OF  h-BN  SURFACES 


I  -  X-RAY  PHOTOELECTRON  SPECTROSCOPY  (XPS) 

The  X-ray  source  (AIKq  at  1486.6  eV  or  Mg  Kq  at  1253.6  eV)  has  a 
probe  size  of  approximately  1  cm^  .  The  electron  spectrometer  is  the  CLAM 
100  (from  VG  Scientific)  coupled  with  a  channeltron  detection  system.  The 
data  acquisition  and  processing  are  controlled  by  a  microcomputer. 

The  spectra  processing  involves  the  different  steps  : 

-  smoothing  using  a  polynomial  law, 

-  substracting  a  non-linear  background  (Shirley  method) , 

-  resolution  of  the  photopeaks  in  different  components  (the  peak 
shape  can  be  varied,  from  gaussian,  assymetric  or  not,  to  lorentzian) .  In 
the  case  of  boron  nitride,  we  used  a  mixture  (45  %  gaussian  in  a 
lorentzian).  The  final  procedure  involves  a  fitting  of  the  experimental 
curve  with  calculated  components.  The  result  is  the  position  (binding 
energy)  of  the  different  contributions  and  peaks  areas.  For  quantification, 
we  used  empirical  atomic  sensitivity  factors  given  by  BRIGGS  and  SEAH  [8]. 


II  -  ANALYSIS  OF  STANDARDS 

Pure  h-BN,  pure  boron  trioxide  (820^)  (FLUKA  AG)  and  boron  carbide 
(as  B4C)  were  used  to  obtain  standard  values  for  the  binding  energies  of 
Bis,  Cls,  Nls  and  01s  photopeaks  (see  table  1).  Due  to  charge  effects,  the 
standard  energy  differences  6  (B-N),  <5  (B-0)  and  6  (B-C)  are  also  reported 
and  are  characteristic  of  the  chemical  bonding  involved.  By  using  the 
ionization  cross-sections  reported  in  the  literature  and  measuring  the 
intensities  of  the  photopesdts,  semi-quantitative  results  were  obtained  for 
h-BN  and  820^.  As  a  whole,  our  results  are  in  very  good  agreement  with 
previously  published  data  [9]  [10]  [11]  and  give  a  basis  for  the 
characterization  of  h-BN  COMBAT  specimens. 


Bis  Cls  Nls  01s  6(  )  Atomic  % 

ratio 


h-BN 

190.3 

/ 

397.9 

/ 

6(B-N)  =  207.6 

B/N  =  0.9 

B2O3 

193-4 

/ 

/ 

533 

6{B-0)  =  339.6 

B4C 

186.3 

283 

/ 

/ 

(5(B-C)  =  96.7 

/ 

Bel 

187.7 

/ 

/ 

/ 

/ 

/ 

Cg 

/ 

284.2 

/ 

/ 

/ 

/ 

Table  1  :  XPS  analysis  of  standards  (all  energies  in  eV) . 


Ill  -  SURFACE  ANALYSIS  OF  AS-RECEIVED  COMBAT  H-BN 

COMBAT  h-BN,  grade  A,  is  a  polycrystalline  material  containing  boron 
trioxide  (B2O3)  as  a  sintering  aid  (6  %  by  weight) .  Since  COMBAT  h-BN  is 
anisotropic  due  to  hot-pressing,  specimens  were  directionally  machined  to 
obtain  pins  and  flats  presenting  either  edge  sites  or  BN  flat  layers  on  the 
surface.  Such  specimens  are  hereafter  named  "edge”  or  "flat”  configuration. 

Before  XPS  characterization,  h-BN  specimens  were  cleaned  with 
propanol-2.  XPS  results  are  presented  in  figure  (4)  and  table  2  and  are 
practically  the  same  whatever  the  crystallographic  orientation  may  be  {edge 
or  flat  configuration). 


A  comparison  of  tables  1  and  2  indicates  that  the  specimens  are 
mainly  composed  of  h-BN,  boron  oxide  and  carbon  from  contamination.  The 
only  problem  is  the  surstoichiometry  of  boron  oxide  in  oxygen,  the  0/E 
ratio  being  4.8  in  our  specimen,  compared  to  1.5  in  B2O3. 

Some  specimens  were  also  analyzed  by  SIMS  (figure  5).  Results  also 
indicate  the  presence  of  contamination  on  the  surface  (thickness  probed 
approximately  10  nm)  ;  when  profiling,  it  is  not  quite  the  same  but  carbon 
is  also  present  in  the  SIMS  spectrum.  Water  (0H“  negative  ion)  was  always 
practically  absent  in  the  SIMS  spectra. 


IV  -  XPS  ANALYSIS  OF  ION-ETCHED  H-BN 


Propanol-2  cleaned  h-BN  samples  underwent  ion  etching  with  argon  ions 
of  3  KeV  energy,  for  15  minutes.  The  XPS  analysis  of  this  treated  surface 
is  shown  in  table  3* 


E(eV) 

atomic  % 

6(eV) 

B-n 

190.3 

29.1 

6  =  207.5 

Bis 

B-0 

192.7 

6.3 

6  =  339.8 

Nls 

397.8 

19.5 

/ 

Cls 

283.7 

13.5 

/ 

01s 

532.5 

25 

/ 

B/N 

1.5 

0/B 

4 

Table  3  :  XPS  analysis  of  ion  etched  h-BN  (all  energies  in  eV). 

This  shows  : 

-  a  BN  stoichiometric  deviation,  tne  B/N  ratio  being  1.5  after 
etching  ;  surprisingly,  the  selective  sputtering  of  nitrogen  does 
not  shift  the  Bis  binding  energy  (or  it  was  not  detectable  with  the 
equipment  at  hand) , 

-  a  residual  content  of  carbon  (13-5  atomic  per  cent)  in  a  modified 
chemical  form  different  from  hydrocarbons  and  not  very  different 
from  the  graphitic  and/or  carbidic  chemical  bonding. 


-  a  change  in  the  colour  of  the  h-BN  surface,  turning  froa 
opalescent  white  to  grey  or  even  black. 

The  result  can  be  compared  with  the  dynamic  SIMS  analysis,  where  the 
h-BN  is  sputtered  with  10  KeV  Gallium  ions  ;  in  the  negative  spectrum- 
figure  (5)“  the  strong  contribution  of  CN“  and  C2  can  be  seen. 

The  overall  data  strongly  suggest  that  graphitic  carbon  is  formed  or 
revealed  by  selective  sputtering.  However  the  presence  of  boron 
carbonitride  is  not  excluded. 


V  -  XPS  ANALYSIS  OF  HEAT-TREATED  H-BN  TO  450 *C 

Table  4  shows  the  XPS  analysis  of  a  propanol  cleaned  specimen  heated 
to  450*0  (12  cycles  of  one  minute  each)  under  vacuum.  The  residual  gas 
analyzer  indicated  the  presence  of  CO,  CO2,  CH2  and  H2O  during  the 
annealing  process. 


E(eV) 

atomic  % 

6(eV) 

b-n 

190.3 

41.4 

6  =  207.6 

Bis 

B-0 

192.8 

3.0 

6  =  339.8 

Nls 

397.9 

44.5 

/ 

CIS 

284.2 

2 

/ 

01s 

532.6 

10.1 

/ 

B/N 

0.93 

0/B 

3 

Table  4  :  XPS  analysis  of  450*0  annealed  h-BN  (all  energies  in  eV) . 


It  is  clear  that  the  "C-H"  contribution  has  completely  disappeared 
from  the  surface  ;  only  a  residual  content  of  2  atomic  per  cent  graphitic 
carbon  is  present  after  annealing.  The  BN  stoichiometry  is  preserved  and 
again,  the  boron  oxide  is  surstoichiometric  in  oxygen. 


VI  -  CONCLUSION 

In  low-Z  elements,  such  as  boron  nitride,  the  thickness  probed  by  the 
XPS  technique  is  about  10  nm  ;  therefore  it  is  difficult  to  know  if 
hydrocarbons  are  only  adsorbed  on  the  very  top  surface  or  if  they  enter  the 
BN  material,  say  over  the  10  nm  thickness  range.  Anyway,  it  is  unlikely 
that  hydrocarbons  are  present  after  hot-pressing  of  the  h-BN  powder. 
Concerning  this  point,  our  opinion  is  that  hydrocarbons  are  not  only 
adsorbed  but  can  penetrate  the  h-BN  surface. 

Concerning  the  "boron  oxide"  surstoichiometry ,  we  have  three  possible 
explanations  of  this  deviation  : 

-  the  presence  of  true  surstoichiometric  boron  oxide  (as  BO4  for 
example) , 

-  the  presence  of  O2  or  H2O  intercalated  in  h-BN, 

-  the  presence  of  other  oxides . 

Looking  at  our  complete  XPS/SIMS  data,  the  best  compromise  is  the 
existence  of  mixed  oxide  glasses  such  as  borosilicate,  boroaluminate  etc... 
which  were  formed  during  hot-pressing  in  presence  of  B2O3  and  other 
impurities  (Si02,  AI2O3,  CaO  etc...).  This  is  confirmed  by  the  fact  that 
impurities  are  present  in  the  positive  ions  SIMS  spectrum.  As  a  matter  of 
fact,  in  these  conditions,  only  a  slight  enlargment  of  the  01s  photopeak  is 
expected  in  the  XPS  spectrum. 

Water  was  practically  not  detected  on  the  h-BN  surface  under  vacuum. 
On  the  other  hand,  a  RAMAN  study  [12]  indicated  that  surface  fluorescence 
due  to  adsorbed  OH  or  organic  species  in  the  air  was  readily  removed  by 
laser  excitation  after  3s  illumination.  It  seems  that  water  (if  any)  is  not 
strongly  adsorbed  on  boron  nitride,  and  is  quickly  out-gassed  under  vacuum 
or  by  heating. 

In  any  case,  annealing  at  450*0  under  vacuum  gives  clean  h-BN,  free 
from  water  and  contamination  and  boron  oxide  is  not  affected  at  this 
temperature. 

Consequently,  two  surface  preparations  were  used  for  h-BN  friction 
tests,  namely  : 

-  cleaning  with  propanol-2, 

-  annealing  to  450*0  under  vacuum. 
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TRIBOLOGICAL  BEHAVIOR  OF  h-BN  vs. 
ITSELF  IN  VARIOUS  ENVIRONMENTS 


Friction  experiments  were  conducted  with  machined  COMBAT  h-BN  pins 
and  flats.  The  tribological  conditions  were  the  same  for  all  the  test. 


i.e. 


-  normal  load 

-  sliding  speed 

-  length  of  the  stroke  : 

-  number  of  cycles 

-  temperature 


2  N 

0.6  10~^  m.s~^ 

3.10~^  m 
75 

room  temperature  *  300  K 


The  calculated  mean  Hertz  pressure  was  0.3  GPa  and  the  contact 
surtemperature  was  calculated  as  negligible . . 


I  -  FRICTION  UNDER  VACUUM 


For  these  tests,  two  specimen  preparations  were  used  : 

-  cleaning  with  propanol-2, 

-  annealing  at  450*C  under  vacuum  {the  vacuum  state  was  lO"^^  mbar 
or  10  nPa) . 

Before  the  friction  test,  the  surface  chemistry  of  h-BN  was  checked 
by  XPS.  Note  that  annealing  at  450’C  removes  carbon  contamination  from  the 
surface,  but  does  not  modify  the  "boron  oxide"  binder,  and  that  the 
analysis  is  the  same  for  both  configurations  {"flat”  and  "edge"). 

Two  crystallographic  orientation  combinations  were  tested  : 

-  pin  "flat"  vs  flat  "flat" 

-  pin  "edge"  vs  flat  "edge” ,  (the  edge  basal  planes  being,  in 
principle,  parallel  to  the  sliding  direction). 

Among  the  nine  possible  edge/ flat  combinations,  the  two  cases  that  we 
chose  here  correspond  to  extreme  ones.  The  others  are  thought  to  give 
intermediate  results. 

First,  we  show  (figures  6  and  7)  the  good  reproductibility  of  the 
friction  tests  for  each  configuration,  and  the  surface  preparation,  which 
was  duplicated  on  different  specimens. 
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Friction  data  vs  the  number  of  cycles  are  summarized  (figure  8)  for 
the  two  combinations  and  for  the  two  preparation  procedures.  The  main 
observations  are  : 

-  propanol-cleaned  h-BN  specimens  give  a  lower  stabilized  friction 
coefficient  than  heat-treaued  h-BN  (0.3/0. 5  vs  0.6/0. 7).  By 
referring  to  previously  described  XPS  data,  the  reduction  in 
friction  can  be  attributed  to  the  presence  of  hydrocarbons  in  the  h- 
BN  surface, 

-  the  crystallographic  orientation  of  h-BN  is  not  a  first  order 

parameter.  Neverthless,  in  the  case  of  propanol-cleaned  specimens, 
friction  begins  at  a  lower  value  (0.1)  for  the  flat/ flat 
configuration  ;  after  10  cycles,  the  effect  disappears,  but  the 
stabilized  friction  coefficient  is  always  smaller  for  the 

"flat/flat"  configuration. 

-  clean  h-BN,  under  vacuum,  gives  high  friction  whatever  the 

crystallographic  orientation  may  be.  As  a  matter  of  fact,  it  seems 
that  there  is  no  lubrication  effect  of  the  6%  boron  oxide  sintering 
aid  present  in  the  material,  at  room  temperature. 


II  -  FRICTION  IN  AMBIENT  AIR 


First  h-BN  specimens  are  cleaned  with  propanol  friction  curves  are 
shown  in  figure  9a. 

It  is  readily  seen  that  friction  of  h-BN  in  ambient  air  (50  X 
moisture)  gives  very  low  friction  coefficients  (below  0.1)  which  are  very 
well  stabilized.  At  the  same  time,  we  observe  that  the  effect  of  the 
crystallographic  orientation  is  negligible  in  air.  It  already  seems  that 
the  tribological  behavior  of  h-BN  is  very  similar  to  graphite  [13]  as  was 
predicted  by  the  structure  similarities  of  the  two  materials. 

Second,  h-BN  specimens  are  annealed  under  vacuum.  When  ambient  air  is 
introduced  into  the  chamber  at  atmospheric  pressure  (105  Pa)  (figure  9b)  in 
static  conditions,  the  friction  coefficient  stabilizes  at  0.25.  Note  that 
this  value  is  higher  than  that  obtained  in  air  with  non-annealed  h-BN 
specimens  ( f  •  0.1). 
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Ill  -  WEAR  MEASUREMENTS 


Wear  of  h-BN  specimens  was  studied  by  examination  of  worn  surfaces 
after  the  friction  test  (optical  and  electron  micrographs)  and  by 
profilometric  measurements  in  the  wear  scars.  Results  are  summarized  in 


table  5- 


preparation 

environment 

crystal 

configuration 

f 

(average) 

pin 

wear  scar  diameter 

flat 

wear  damage 

propanol 

air 

flat/ flat 

0.09 

not  visible 

not  visible 

propanol 

air 

edge/edge 

0.08 

not  visible 

not  visible 

propanol 

UHV 

flat /flat 

0.40 

«  1  mm 

•f  + 

propanol 

UHV 

edge/edge 

0.50 

•  1.3  mm 

not  visible 

heat  treated 
UHV 

flat /flat 

0.65 

>  0,8  mm 

+  -f  -f  ♦ 

heat  treated 
UHV 

edge/edge 

0.65 

1.4  mm 

♦ 

Table  5 


Results  indicate  : 

-  that,  in  air,  wear  of  h-BN  is  not  detected  by  our  measurements, 

-  that  under  UHV,  and  in  the  presence  of  contaminants,  wear  mainly 
occurs  on  the  h-BN, 

-  that  under  UHV,  with  clean  h-BN,  wear  is  detrimental. 

IV  FRICTION  OF  PYROLITIC  h-BN.  EFFECT  OF  ENVIRONMENTAL  GASES 


As  it  appears  that  friction  of  h-BN  on  itself  is  more  sensitive  to 
environmental  factors  (gas,  contamination,  cleaning...)  them  to  the  initial 
crystallographic  orientation,  we  decided  to  carry  out  a  set  of  friction 
experiments  at  room  temperature  and  in  different  gases,  in  order  to  know  if 
it  is  possible  to  lubricate  h-BN  in  these  conditions.  Friction  tests  were 
conducted  under  static  low  partial  pressures  of  different  gases,  namely 
water  vapor  (H2O)  carbon  monoxide  (CO),  propane  (C3H3)  and  ambient  air.  The 
complete  results  are  shown  (figures  10,  11.  12.  13,  14,  15)  and  summarized 
in  table  6. 


1)  Frl^ion  of  h-BN  on  itself  under  low  partial  pressures  of  gases 

For  these  different  gases,  the  pressure  in  the  main  chamber  of  the 
AES/XPS  tribometer  was  controlled  at  10“3  Pa  before  the  friction  test. 

The  h-BN  materials  were  COMBAT  h-BN  specimens  used  in  the  "flat/ flat” 
configuration  ;  before  the  friction  test,  they  were  einnealed  at  450°C  under 
UHV  to  eliminate  hydrocarbons  from  the  surface. 

As  can  be  seen,  under  these  low  partial  pressures,  and  by  comparison 
with  UHV  conditions,  the  friction  of  h-BN  on  itself  is  not  affected  by  the 
presence  of  environmental  gases,  even  with  water  vapor  (figure  10),  the 
value  of  the  average  friction  coefficient  lying  in  the  range  O.65-O.7  (note 
that  the  computer  averages  the  friction  coefficient  for  each  pass,  so  local 
fluctuations  are  not  reproduced,  but  generally  they  are  weak  for  h-BN  in 
our  conditions). 

As  a  rule-of-thumb,  remember  that  at  10”^  Pa,  the  contamination  is 
approximately  one  monolayer  per  second  (depending  on  the  gas  and 
temperature) . 


Table  6 


2)  Friction  of  h-BN  on  itself  under  higher  partial  pressures  of  gases 


Friction  tests  were  conducted  in  the  same  conditions,  on  the  same 
h-BN  flat  for  each  gas. 

Several  experiments  are  presented  here  : 

-  nitrogen  10  Pa  (static)  (figure  11), 

-  oxygen  10  Pa  (static)  (figure  12), 

-  air  10"3  Pa  -  10  Pa  (figure  13). 

-  carbon  monoxide  10“3  Pa  10  Pa  (figure  14), 

-  propane  10“3  Pa  -  10  Pa  -  10“3  Pa  (figure  15)- 

In  our  conditions,  it  was  not  possible  to  obtain  10  Pa  of  water 
vapour  in  the  chamber  ;  (note  that  this  represents  high  pressure  and  some 
problems  for  the  UHV  instrumentation) . 

As  can  be  seen,  propane  (C^H3)  and  air  at  10  Pa  lubricate  h-BN  on 
itself,  the  friction  coefficient  immediately  dropping  down  to  0.4 
(approximately  one  half  of  the  UHV  value) .  Note  that  in  the  case  of 
propane,  the  friction  increases  again  to  0.6-0. 7  when  the  pressure  is 
decreased  to  10"3  Pa  at  the  end  of  the  test. 

Surprisingly  pure  oxygen  had  no  effect  on  friction  at  10  Pa. 


CONCLUSION 

h-BN  friction,  at  room  temperature,  is  extremely  dependent  on  the 
presence  of  environmental  gases  and  on  the  surface  preparation. 

*  With  as-received  h-BN  specimens  (propanol-cleaned) 

-  Under  UHV 

.  Under  high  vacuum  (10"®  Pa),  friction  is  moderately  high 
(0.3/0. 5)  and  stabilized, 

.  The  "flat  configuration"  gives  a  lower  friction  (0.3)  than 
the  "edge  configuration"  (0.5). 

-  In  ambient  air 

.  The  presence  of  air  (50  %  humidity)  gives  a  very  low  friction 
(inferior  to  0.1)  and  negligible  wear,  whatever  the  crystallographic 
orientation  may  be. 


*  With  UHV-annealed  h-BN  specimens  (contamination-free) 

-  Under  UHV 

.  Under  high  vacuum  (10“®  Pa),  friction  is  high  (0.7)  and  wear 
is  detrimental, 

.  There  is  no  effect  of  the  crystallographic  orientation. 

-  Under  a  low  partial  pressure  (10~^  Pa)  of  air,  HpO,  C-kHh  and  CO 

.  Compared  with  UHV  conditions,  no  significant  change  is 
observed  in  these  conditions. 

-  Under  a  partial  pressure  of  10  Pa  of  Nt>,  0?  and  CO 

.  Compared  with  UHV  conditions,  no  effect  is  observed. 

-  under  a  partial  pressure  of  10  Pa  of  air, 

Friction  of  h-BN  versus  itself  is  reduced  to  0. 3/0.4  (one  half 
of  the  UHV  value) 

-  under  ambient  air  at  atmospheric  pressure  (10^  Pa) 

.  The  friction  coefficient  is  reduced  to  0.25* 

Considering  our  friction  results,  it  is  shown  that  h-BN  friction  is 
reduced  by  the  presence  of  moisture,  hydrocarbon  gases,  and  surface 
contamination. 

With  regard  to  the  specific  effect  of  moisture,  the  tribological 
behavior  of  h-BN  is  very  similar  to  that  of  graphite. 

There  is  a  synergic  effect  of  moisture  and  hydrocarbons  from  surface 
contamination. 
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WEAR  DEBRIS 
ANALYSIS 


I  -  ANALYTICAL  ELECTRON  MICROSCOPY 


High  resolution  analysis  of  wear  fragments  (originating  from  the 
friction  experiments  with  h-BN)  was  carried  out  in  the  analytical 
transmission  electron  microscope  (TEM) .  The  electron  microscope  (Philips  EM 
420)  can  operate  either  in  the  TEM  or  in  the  STEM  mode,  for  high  resolution 
scanning  electron  microscopy  (secondary  electron  detection).  The 
accelerating  voltage  was  120  KV  for  all  examinations. 

For  boron  nitride  specimens,  the  analysis  was  performed  with  an 
Electron  Energy  Loss  Spectrometer  (EELS)  coupled  to  the  microscope.  The 
electron  spectrometer  (GATAN  666)  has  a  parallel  detection  system 
consisting  of  a  1024  photodiodes  array.  The  owell  time  necessary  to  record 
an  EELS  spectrum  of  h-BN  is  generally  inferior  to  one  second  in  our 
conditions . 

Wear  fragments  are  collected  in  the  wear  scars  on  a  3  diameter 
copper  grid  covered  with  a  holey  carbon  film  (an  optical  microscope  is 
necessary  for  this  operation) 


II  -  RESULTS 


Five  types  of  h-BN  wear  particles  were  generally  detected,  they  were 
classified  as  follows,  depending  on  how  they  were  produced  in  the  wear 
process  : 

-  basal-plane  slip  flakes  (a)  see  figures  16,  17 

-  small  bent  flakes  (b) 

-  crumpled  flakes  (c) 

-  rolled  flakes  (d) 

-  amorphized  spheroidal  grains  (e) 

Generally,  these  wear  fragments  were  all  present  in  all  the 
situations,  but  the  proportion  of  each  type  depends  on  the  tribological 


test.  In  table  7.  we  have  reported  the  presence  or  not  of  each  type  of  wear 
fragment  in  the  various  friction  tests. 


Preparation 

crystal 
conf igu- 
ration 

f 

average 

pin 

flat 

wear  particle  types 

value 

diameter 

a 

b 

c 

d 

e 

propanol 

air 

flat/ flat 

0.09 

not 

visible 

not 

visible 

■ 

■ 

■ 

■ 

■ 

propanol 

air 

edge/ edge 

0.08 

not 

visible 

not 

visible 

■ 

■ 

■ 

■ 

■ 

propanol 

UHV 

flat/ flat 

0.40 

•  1  mm 

♦ 

■ 

■ 

■ 

■ 

■ 

propanol 

UHV 

edge/ edge 

0.50 

•  1.3  mn 

not 

visible 

■ 

■ 

■ 

■ 

■ 

heat  treated 
UHV 

flat/ flat 

0.65 

"  0,8  mm 

♦  +  +  ♦ 

■ 

■ 

■ 

■ 

■ 

heat  treated 
UHV 

edge/edge 

0.65 

1.4  mm 

•f 

■ 

■ 

■ 

■ 

i 

Table  7 

The  under  UHV  results  indicate  that  : 

-  in  the  edge/edge  configuration,  only  a  few  type  (a)  particles  are 
present  along  with  a  lot  of  other  ones, 

-  in  the  flat/flat  configuration,  type  (a)  particles  are  more 
numerous,  but  there  are  still  more  of  the  other  types. 

(Note  that  no  quantitive  analysis  was  attempted  to  distinguish 
(b) .  (c),  (d),  (e)  particles  accurately  ). 

In  air.  surprisingly,  only  type  (a)  particles  (basal  plane  slip)  are 
observed  (even  in  the  edge/edge  configuration). 

Indoubtedly,  the  roles  of  moisture  and  contaminants  are  of  prime 
importance  in  generating  wear  debris  morphologies  (and  therefore  wear 
mechanisms) . 
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DISCUSSION 

MECHANISMS  OF  h-BN  FRICTION 


INTRODUCTION 


The  friction  mechanisms  of  hexagonal  boron  nitride  (h-BN)  are 
explained  in  terms  of  the  deformation  modes  of  individual  BN  grains  in  the 
contact  area. 

The  survey  of  the  literature  [2]  [l4]  [15]  [16]  [17]  shows  up  three 
major  (and  non  exclusive)  mechanisms  to  explain  the  low  friction  of  h-BN  : 

1)  Friction-induced  preferential  orientation  of  the  lamellar 
material .  When  their  cleaved  pleines  can  be  oriented  parallel  to  the  sliding 
direction,  the  tangential  shear  acts  between  the  solid  layers  which  are 
weakly  bonded.  Basal  plane  slip  in  h-BN  grains  can  occur  and  give  a  low 
value  of  interface  shear  strength. 

2)  When  the  orientation  is  lost,  the  defects,  dislocation  edges,  h-BN 
cleavage  fragments...  predominate  in  the  response  to  the  exterior  strain. 
Rotation  of  "rolling  pins"  in  the  interface  can,  however,  produce  a  low 
friction. 

3)  The  tribo-oxidation  of  h-BN  in  the  presence  of  oxygen  may  lead  to 
the  formation  of  boron  oxide.  This  can  be  added  to  the  6  per  cent  B2O3 
present  as  a  sintering  aid.  Low  friction  and  wear  can  be  explained  by  the 
low  shear  strength  and  low  melting  point  of  the  lubricious  amorphous  boron 
oxide. 

The  high  resolution  analysis  of  wear  fragments  indicated  to  us  two 
major  points  which  are  summarized  in  table  8.  It  indicates  that  h-BN  basal- 
plane  slip  is  the  only  mechanism  which  is  found  associated  with  low 
friction  and  wear  in  our  conditions.  Fracture,  shear  and  amorphization  of 
h-BN  lead  to  high  friction. 
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enrironmental 
conditions 
(room  temperature) 

crystal 

orientation 

(pin/flat 

average 

friction 

coefficient 

wear  debris 
characteristic 

air 

{50)t  moisture) 

flat/ flat 
edge/edge 

0.1 

0.1 

basal  plane  slip 
(no  oxidation 
-'takes  place) 

UHV 

flat/ flat 

edge/edge 

0.4/0. 7 

•  fracture-shear 
towards 
amorphization 
of  h-BN 

Table  8 


I  -  FRICTION  UNDER  UHV 


Clean  h-BN  is  not  a  good  material  for  friction  under  high  vacuum,  at 
room  temperature.  In  the  absence  of  gases  and  contaminants,  h-BN  is 
amorphized  and  superficially  disoriented  whatever  the  initial 
crystallographic  orientation  may  be. 

Consequently,  friction  is  high  and  remarkable  wear  and  surface  damage 
is  observed. 

Bearing  these  data  in  mind,  it  is  obvious  that  increasing  the 
temperature  is  not  in  favor  of  h-BN  friction,  unleast  that  the  melting  of 
the  boron  oxide  sintering  aid  may  provide  an  effective  lubrication  up  to 
500° C. 

Nevertheless,  two  perspectives  open  out  to  use  h-BN  under  vacuum  as  a 
friction  material  : 

-  friction  of  h-BN  at  low  temperature  under  vacuum  (the  preferential 
adsorption  and/or  condensation  of  selected  condensable  gases  may  be 
an  advantage  in  these  conditions), 

-  friction  of  hybrid  compositions  of  boron  nitride  and  carbon. 


II  -  VAPOR  EFFECT  ON  h-BN  FRICTION 


1)  Moisture  effect 


In  air,  surprinsingly ,  only  type  (a)  particles  (basal  plane  slip)  are 
observed  (even  in  the  edge/ edge  configuration  (see  table  7)). 

Undoubtedly,  the  roles  of  moisture  and  contaminants  are  of  prime 
importance  in  generating  wear  debris  morphologies  (and  therefore  wear 
mechcinisms) .  The  evidence  is  that  superficial  friction-induced  orientation 
of  h-BN  is  only  obtained  in  the  presence  of  moisture.  So,  under  the  rubbing 
action,  the  BN  layers  tend  to  take  up  a  position  of  minimum  energy. 
Actually,  this  result  is  very  similar  to  the  case  of  graphite  [13] • 

Three  mechanisms  can  explain  how  h-BN  basal  plane  slip  is  favored  in 
presence  of  water  vapor  : 

1)  weakening  of  interplanar  forces  due  to  the  intercalation  of  water 
molecules  between  BN  layers,  or  to  adsorption  of  water  on  cleaved  faces, 
leading  to  a  decrease  of  the  magnitude  of  the  shear  strength, 

2)  tribochemical  reaction  of  h-BN  with  water  leading  to  a  lubricious 
borate  hydrate  (ammonium  borate  hydrates  have  recently  been  observed  [l8]), 

3)  condensation  of  liquid  water  into  h-BN  crystal  defects,  such  as 
wedge-shaped  cavities,  pores  or  holes  between  incomplete  separated  plauaes, 
or  even  on  cleaved  faces.  A  decrease  of  the  surface  tension  may  explain  the 
effect  on  the  critical  shear  strength.  This  effect  was  recently  recognized 
on  the  friction  coefficient  of  graphite  [13]  and  M0S2  [19]* 

In  the  case  of  h-BN  friction,  although  that  the  mechanism  is 
certainly  not  unique,  the  third  explanation  has  also  our  favor  for  the 
following  reasons  : 

-  a  relative  high  partial  pressure  of  water  vapor  is  necessary  to 
obtain  the  decrease  of  the  friction  coefficient  (>  10  Pa  at 
room  temperature) .  This  shows  that  adsorbed  layers  have  no 
significant  effect  on  h-BN  friction. 

-  a  high  resolution  TEM  image  of  the  slip  interface  zone  (002  lattice 
fringes)  between  two  h-BN  stacks  (figure  I8)  shows  that,  although 
that  sliding  is  found  limited  in  certain  zones  of  the  crystal 
without  generating  turbostratic  BN  within  the  stacks,  it  is  not 
really  concentrated  between  two  hexagon-fused  BN  layers  only.  On  the 
other  hand,  it  seems  that  crystal  defects  are  involved  in  the 
deformation  process  (dislocation  movement  along  the  (001)  direction. 


1>-A3 


ondulation  of  basal  planes,  wedge  shaped  cavities  between  separate 
BN  sheets  etc . . . ) . 

-  water  was  never  detected  by  "in  vacuum"  analysis  of  h-BN  wear 
debris,  but  in  some  cases,  we  found  that  the  slip  surface  of  h-BN 
crystals  was  not  atomically  smooth.  This  shows  that  no  chemical 
reaction  occured  and  that  water  is  outgassed  under  vacuum. 

2)  Hydrocarbon  effect 

Hydrocarbons  can  also  lubricate  h-BN,  but  to  a  lesser  extent. 
Compared  with  moisture,  it  seems  that  the  mechanism  is  different  ;  for 
example  propane,  which  is  a  non-condensable  gas  at  room  temperature  gives 
h-BN  wear  debris  whose  the  EELS  spectrum  {figure  19)  shows  that  carbon  can 
be  incorporated  in  the  h-BN  layers.  We  can  also  say  that  carbon  has  the  SP2 
hybridization  and  that  the  electronic  structure  of  boron  nitride  is 
preserved.  At  this  time,  the  exact  location  of  carbon  is  not  known,  but  it 
seems  that  h-BN  is  partially  amorphized  is  these  conditions.  The  existence 
of  hybrid  compositions  is  not  excluded.  Consequently,  a  tribochemical 
reaction  may  be  involved,  leading  to  the  decomposition  of  hydrocarbons  into 
lubricating  carbon  [19] 

Surprisingly,  we  have  also  shown  a  synergic  effect  of  hydrocarbons 
auid  water  to  obtain  very  low  friction  and  wear  and  the  explanation  for  this 
may  be  that  friction- induced  graphitic  carbon  is  also  lubricated  by  water 


vapor. 


CONCLUSION 


Hexagonal  boron  nitride  (h-BN)  is  a  well  known  lamellar  solid.  The 
structure  of  h-BN  has  been  studied  by  Transmission  Electron  Microscopy 
(TEM)  and  Electron  Energy  Loss  Sprectroscopy  (EELS).  The  crystallographic 
structure  of  h-BN  is  deduced  from  the  sp2  hybridization  of  both  boron  and 
nitrogen  atoms  ;  it  is  very  similar  to  that  of  graphite  and  defects  are 
found  to  be  common  in  both  structures.  Striking  differences  are  to  be 
noted,  however,  with  regard  to  the  electronic  structure  of  outer-shell 
electrons  (valence  and  conduction  bands).  Consequently  h-BN,  unlike 
graphite,  has  a  band  gap  consistent  with  its  electrical  properties.  On  the 
other  hand,  the  chemical  reactivity  of  h-BN  with  environment  is  different 
(of  special  interest  for  tribological  applications).  Particularly,  the 
structure  of  hybrid  compositions  of  carbon  and  h-BN  are  not  well 
established. 

The  h-BN  surface  chemistry  can  be  accurately  determined  by  X-ray 
Photolectron  Spectroscopic  (XPS)  and  the  effect  of  surface  preparation 
methods  can  be  studied. 

COMBAT  h-BN  is  a  polycrystalline  material  containing  6  X  by  weight  of 
boron  oxide  as  a  sintering  aid.  Actually,  our  XPS  results  indicate  that  the 
presence  of  mixed  oxide  glasses  is  more  likely  to  occur  in  this  material. 

The  surface  of  as-received  h-BN  contains  contamination  from 
hydrocarbons  ;  cleaning  with  propanol-2  does  not  remove  this 
contamination  ;  ion-etching  also  does  not  remove  the  contamination, 
moreover  h-BN  is  deeply  modified  by  argon  ions  bombardment,  and  becomes 
sub-stoichiometric  in  nitrogen. 

Annealing  at  450 °C  under  vacuum  gives  clean  and  stoichiometric  h-BN 
surfaces,  moreover,  boron  oxide  is  not  modified  at  this  temperature. 

Friction  of  h-BN  versus  itself  has  been  studied  respectively  under 
high  vacuum  (10"®  Pa),  under  a  low  partial  pressure  (10"3  Pa)  of  different 
gases  (air,  CO,  C3H3  and  H2O) ,  under  a  higher  partial  pressure  (10  Pa)  of 
N2,  O2  air  and  C3H8  and  finally  in  ambient  air  (50  %  humidity)  at 
atmospheric  pressure  (105  Pa). 

Two  crytallographic  orientation  combinations  were  used,  namely  the 
flat/ flat  configuration  and  the  edge/edge  configuration. 


In  the  case  of  annealed  h-BN  specimens  (contamination-free  surfaces) 
main  results  are  : 

-  friction  under  high  vacuum  (1Q“^  Pa)  is  high  (f  •  0.7)  and  wear  is 
detrimental  whatever  the  crystallographic  orientation  may  be, 

-  there  is  no  effect  of  a  low  partial  pressure  (10"3  Pa)  of  air,  CO, 
C-^Hg  and  H2O,  compared  with  UHV  conditions, 

-  when  humid  air  is  introduced  to  a  pressure  up  to  10  Pa,  friction  is 
reduced  to  0.2/0. 4  (one  half  of  the  UHV  value).  However  neither 
oxygen  (10  Pa)  nor  nitrogen  (10  Pa)  are  efficient.  Consequently, 
friction  is  certainly  reduced  by  water  vapor  to  pressures  up  to 
10  Pa. 

-  when  propane  is  introduced  to  a  pressure  up  to  10  Pa,  h-BN  friction 
is  also  reduced  to  values  of  about  0.4. 

In  the  case  of  carbon-contaminated  h-BN  surfaces,  results  are  : 

-  friction  under  vacuum  (10“®  Pa)  is  moderately  high  and  stabilized 
(O.3/O.5).  the  flat/flat  configuration  giving  the  lowest  value, 

-  in  ambient  air  (50  %  moisture),  h-BN  friction  is  very  low 

( <  to  0,1),  whatever  the  configuration  may  be . 

High  resolution  analysis  of  wear  debris  was  performed  in  an 
analytical  TEM.  The  major  point  is  that  h-BN  basal  plane  slip  is  the  only 
deformation  mode  which  is  associated  with  very  low  friction  and  wear  in  our 
conditions.  Generally,  fracture,  shear  and  amorphization  give  higher 
friction  values. 

The  mechanism  of  friction-induced  basal  plane  slip  in  h-BN  is  thought 
to  be  mainly  related  to  the  presence  of  condensed  liquid  water  in  crystal 
defects,  leading  to  a  decrease  of  the  surface  tension  and  therefore  of  the 
critical  shear  strength. 

The  mechanism  of  action  of  hydrocarbons  is  different,  it  seems  that 
lubricating  carbon  is  formed  by  a  tribochemical  reaction. 
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LIST  OF  FIGURES 


:  Diagram  of  the  AES/XPS  tribotester.  Optical  micrograph  showing 
the  pin  on  disk  friction  machine  surrounded  by  analytical  tools. 

:  a)  Crystal  structure  of  hexagonal  boron  nitride, 
b)  (002)  lattice  fringes  image  of  h-BN  (interlayer  distance  » 
3.33  A).  Note  that  crystal  defects  are  common. 

1  :  Electron  Energy  Loss  Spectrum  (EELS)  of  h-BN.  The  boron  and 
nitrogen  K-edges  show  evidence  for  the  SP2  hybridization. 

^  :  Processed  XPS  spectra  of  as  received  COMBAT  h-BN. 

I  :  Static  SIMS  spectra  of  COMBAT  h-BN  (thickness  probed  inferior  to 
10  nm) . 

a)  negative  ions 

b)  positive  ions 


)  :  Influence  of  the  surface  preparation  on  the  friction  of  h-BN 
(flat/flat  configuration)  (duplicated  runs). 

[  :  Influence  of  the  surface  preparation  on  the  friction  of  h-BN 
(edge/edge  configuration)  (duplicated  runs). 

3  :  Friction  on  h-BN  under  vacuum  (summary) .  Influence  of  the 
crystallographic  orientation  and  of  the  surface  preparation. 

\  ;  Friction  of  h-BN  in  ambient  air  (50  %  humidity)  (propanol- 
cleaned  species). 

a)  Influence  of  the  crystallographic  orientation,  comparison 
with  UHV  conditions. 

b)  Annealed  specimens  (flat/flat  configuration)  comparison  with 
UHV  conditions. 

^  :  Friction  on  h-BN  under  low  partial  pressure  of  water  vapor 
(P  »  10"5  mBar)  (flat/flat  configuration  with  two  surface 

preparations,  comparison  with  vacuum). 


Figure  11  :  Friction  of  h-BN  under  nitrogen  (10”^  mBar)  (flat/flat 

configuration,  comparison  with  vacuum). 

Figure  12  :  Friction  of  annealed  h-BN  under  oxygen  (10“^  mBar)  (flat/flat 
configuration,  comparison  with  vacuum). 

Figure  13  :  Friction  of  h-BN  under  air  (50  %  humidity).  Flat/Flat 

configuration,  effect  of  partial  pressure. 

Figure  l4  :  Friction  of  h-BN  under  carbon  monoxide.  Flat/ flat 
configuration.  Effect  of  partial  pressure. 

Figure  15  :  Friction  of  h-BN  under  propane.  Flat/flat  configuration.  Effect 
of  partial  pressure. 

Figure  16  :  TEM  micrographs  of  h-BN  wear  debris  (basal-plane  slip) . 

Figure  17  :  High  resolution  S(T)EM  image  of  h-BN  wear  debris  (basal  plane 
slip  with  two  tilting  conditions). 

Figure  18  :  High  resolution  TEM  image  (002  lattice  fringes)  of  a  basal 
plane  slip  in  h-BN  wear  debris. 

Figure  19  :  EELS  spectrum  of  h-BN  wear  debris  showing  evidence  for  the 
presence  of  graphitic  carbon. 
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I  -  Survey  of  h  BN  friction 


Classically.  h-BN  friction  is  associated  and  compared  with  graphite 
friction,  because  there  are  some  basic  similarities  in  the  crystallographic 
structure.  Both  compounds  contain  low  energy  shear  planes  in  the  (002) 
direction  (van  der  Waals  interactions).  Neverthless.  their  electronic 
structures  are  quite  different  as  far  as  valence  and  conductions  bands  are 
concerned.  The  mechanisms  of  h-BN  friction  are  reviewed  by  T.ABOR  [l],  and 
are  closely  related  to  those  of  graphite.  The  main  features  are  the 
following  : 


friction  depends  on  the  orientation  of  basal  planes  of  tlie 
crystallites  in  the  sliding  direction. 

-  friction  depends  on  the  chemical  state  of  the  edges  of  ind iv idn:; . 
crystallites  (dangling  bonds,  oxides  etc...), 

friction  depends  on  the  energy  of  the  surface  of  crys ta 1 1 i tes 
(adsorption  of  gases...), 

-  friction  depends  on  the  presence  of  intercalated  compounds  in  the 
grapnite  structure  (presence  of  water,  mineral  species...). 

But  the  respective  role  of  each  phenomenon  is  not  clearly  understood 
when  testing  a  manufactured  specimen. 


II  -  Caracterization  of  h-BN  specimens 


h-BN  specimens  were  previously  analyzed  by  XPS  and  EELS  (see 
reports  Dec.  1987  and  Jan.  1988) .  The  results  showed  that  carbon  was 
present  in  great  quantities  in  both  specimens.  Before  the  friction  test, 
and  taking  into  account  the  role  of  impurities  and  the  microstructure  in 
the  mechanisms  of  h-BN  friction,  we  decided  to  explore  in  more  detail  the 
two  specimens  that  we  have  at  the  moment,  namely  : 

-  the  CVD  h-BN  plate 

-  the  COMBAT  sintered  h-BN. 

'The  detection  of  water  was  carried  out  by  SIMS  and  the  microstructure 
of  the  CVD  samp;,.e  was  investigated  by  high  resolution  TEM. 

The  results  are  the  following  : 


-  Concerning  the  CVD  h-BN  sample 

BN  is  not  really  oriented  with  the  c  axis  perpendicular  to  the 
external  face,  the  high  resolution  image  (figure  1)  shows  that  (002) 
lattice  fringes  can  be  easily  imaged  (c  axis  parallel  to  the  surface)  (when 
sampling  a  flake  inside  the  2  mm  plate).  On  the  other  hand,  carbon  is  a 
main  constituent  of  the  CVD  h-BN,  and  EELS  tuid  .XPS  agree  that  the  atonn': 
concentration  is  20%  (see  table  below) . 


xpsd) 

XPS{2) 

EELS 

B 

36* 

38* 

50 

N 

28 

33 

35 

C 

26** 

22** 

#  » 

15 

0 

10 

7 

not 

analyzed 

Total 

100 

100 

100 

(1)  XPS  (VG  CLAM  100)  after  etching  Ar*  3KeV 

(2)  XPS  (SSL)  after  etching  Ar'^  0,5  KeV 

*  Boron  is  not  found  in  the  oxide  chemical  state 
**  Carbon  is  predominantly  graphitic 

Moreover,  EELS  spectra  (figure  2)  show  that  carbon  is  in  an  amorphous 
form  with  the  sp2  hybridation. 

SIMS  spectra  are  presented  in  figures  3“^- 
The  presence  of  carbon  is  confirmed  by  peaks  C~  and  C“2.  and  the  ratio 
C"/C“2  indicates  that  carbon  is  graphitic.  Oxygen  is  also  detected  (0“)  and 
also  hydrogen  (H*)  but  the  OH”  peak  representing  water  is  very  weak,  so 
that  the  quantity  of  water  can  be  neglected  in  our  experiment.  From  these 
analytical  data,  it  can  be  concluded  that  oxygen  (»  10%  atomic)  is  neither 
water,  nor  boron  oxide,  nor  carbon  oxide,  nor  nitrogen  oxide.  Therefore,  we 
suggest  that  gas  (oxygen)  may  be  intercalated  in  the  graphitic  structure. 
When  analyzing  thin  flakes  in  the  TEM,  oxygen  can  escape  into  the  vacuum 
and  is  not  detected  .  Moreover,  as  the  excess  of  boron  is  not  oxide,  it  is 
also  possible  that  some  carbon  lies  in  the  graphitic  planes  close  to  boron 
and  nitrogen  [2]. 

SIMS  is  a  very  sensitive  technique  to  study  impurities  and  traces. 
The  main  elements  that  are  found  are  : 

\  Ca  (Mg  and  Si  are  also  present)  {<  1^) 

-  Na,  X,  Li,  Cl  as  traces  (<  0,1  %) . 


-  Concerning  the  COt'lBAT  hBN  svecimens 

BN  is  oriented  with  the  c-axis  perpendicular  to  the  external  face. 
Carbon  is  present  in  the  chemical  composition  (22  %  atomic  in  XPS,  1  cm- 
probed)  but  it  is  segregated,  because  EELS  on  individual  flakes  does  not 
indicate  the  presence  of  carbon,  but  stoechiometric  BN.  SIMS  spectra 
(figures  5"6)  do  not  show  the  presence  of  water,  but  show  oxygen  and  carbon 
(confirming  XPS  data)  and  impurities  with  Mg  and  Si  are  more  important  than 
in  CVD  hBN. 
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31 
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.Vo(c  :  Due  to  ai-gon  or  gallium  bombardment,  the  surface  of  hBN  specimens 
turns  to  a  black  colour  (figure  7)  which  is  more  accentuated  foi-  *  he 
COMBAT  hBN.  .At  the  moment,  we  have  no  explanation  of  tliis. 


Ill  -  Conclusion 


The  h-BN  specimen  that  we  have  at  the  moment  is  of  an  extremely 
complex  nature.  Neverthless,  the  situation  can  be  summarized  as  follows  ; 


-  CVD  -  hBN 

*  no  preferential  orientation  of  crystallites, 

*  carbon  in  the  graphitic  structure  (»  20  %  atomic), 

*  oxygen  may  be  intercalated  in  the  structure, 

*  some  impurities  at  a  low  level  {<  1  )() . 


-  COMBAT  hBN 

*  BN  crystallites  are  oriented  parallel  to  the  surface, 

*  carbon  is  segregated  in  the  microstructure  {»  20  *  atomic), 

*  oxygen  as  borate  (?), 
impurities  at  a  low  level  {<  1  %) . 

The  next  report  will  concern  friction  of  BM/BN  under  vacuum. 
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Fis:ure  1  :  High  resolution  TEM  micrograph  of  a  CVD  hBN  flake  shosving  (002) 
lattice  fringes  lying  perpendicular  to  the  external  face. 

Fia^ire  2  :  EELS  spectrum  of  a  CVD  hBN  flake  showing  boron  and  carbon  K 
edges.  Note  that  carbon  is  sp2  hibridated  in  an  amorphous  form. 

Figure  3  :  SIMS  spectra  of  CVD  hBN  (positive  ions). 

Figure  4  :  SIMS  spectra  of  CVD  hBN  (negative  ions). 

Figure  5  :  SIMS  spectra  of  COMBAT  hBN  (positive  ions). 

Figure  6  :  SIMS  spectra  of  COMBAT  hBN  (negative  ions) . 

Figure  7  :  Optical  micrographs  of  the  hBN  specimens  after  ion  etching 
(SIMS) . 
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FRICTION  OF  HEXAGONAL  BORON  NITRIDE 


The  COMBAT  BN,  grade  A  specimen  is  sintered  and  hot  pressed  at  high 
temperature  with  6  %  molten  B2O2  as  a  sintering  aid.  the  hexagonal  (flat) 
BN  crystallites  align  preferentially  perpendicular  to  the  direction  of  the 
hot  pressing,  ajid  therefore  parallel  to  the  direction  of  sliding  ("flat 
configuration")  see  figure  (1). 

As  there  is  no  azimuthal  order  of  the  BN  crystallites,  no  special 
attention  was  paid  to  the  alignment  in  terms  of  sliding  direction.  As  we 
already  mentionned  in  the  previous  report,  20  %  atomic  of  carbon  is  present 
in  the  chemical  composition  of  the  surface  of  COMBAT  BN. 

The  preparation  of  hBN  surfaces  presents  some  difficulties.  For 
example,  after  ionic  etching  CVD  h-BN  becomes  not  stoechiometric 
(Figure  2)  ;  annealing  at  800  K  do  not  permit  to  recover  Che  BN 

composition.  Consequently,  for  this  first  set  of  experiments,  COMBAT  h-BN 
specimen  were  ulcrasonically  cleaned  in  propanol  and  dried,  without  any 
ionic  etching. 

The  tribological  conditions  were  Che  following  : 

-  W  (normal  load)  =  2N 

-  sliding  speed  :  0.6  mm/s 

-  length  of  the  stroke  :  3  n>m 

-  ambiant  temperature  (20  C) . 


II  -  RESULTS 


1)  Friction  of  hBN  under  vacuum 

The  vacuum  in  the  chamber  was  10'^  Pa.  Two  similar  experiments  were 
conducted  in  order  to  check  the  reproducibility  of  the  results.  The 
evolution  of  the  friction  coefficient  against  the  number  of  passages  is 
shown  in  figure  (3).  The  friction  coefficient  has  a  moderately  high  value 
ranging  between  O.3  and  0.4. 


^-62. 


2)  Friction  of  hBN  in  air 

In  air,  euid  in  the  same  tribological  conditions,  the  friction 
coefficient  has  a  lower  value  (average  value  0.1)  (figure  4).  In  order  to 
check  the  validity  of  this  results,  the  same  experiment  was  carried  out  on 
another  pin  on  flat  tribotester  operating  under  atmospheric  conditions. 
Results  (presented  in  figure  4)  show  that  the  friction  coefficient 
stabilizes  at  a  similar  value  (0.1),  in  good  agreement  with  the  previous 
value  found  with  the  UHV  tribotester  operating  in  air. 


CONCLUSION 


-  Friction  of  h-BN  (flat  configuration)  in  UHV  is  moderately  high 
(0.3  -  0.4) , 

-  Friction  of  h-BN  (flat  configuration)  in  air  has  a  low  value  (0.1). 

As  shown  in  the  literature  [1],  typical  values  for  h-BN  friction  in 
air  range  from  0.2  to  0.4  (at  ambiant  temperature  ;  as  the  bulk  material 
used  consisted  of  small  sintered  crystallites  without  any  preferential 
orientation  with  respect  to  the  sliding  direction,  the  lower  value  (0.1)  in 
our  case  may  be  attributed  to  the  alignment  of  BN  hexagons  in  the  "flat 
configuration".  This  must  be  confirmed  in  the  near  future  when  testing  the 
"edge"  BN  configuration. 

Under  vacuum,  the  "higher"  value  of  the  friction  coefficient  is 
attributed  to  the  absence  of  environmental  gas  (oxygen,  water)  perhaps  as 
in  the  case  of  graphite  [2]. 

Next  investigation  will  concern  high  resolution  analysis  of  wear 
debris  in  order  to  elucidate  the  mechanisms  responsible  of  h-BN  friction. 
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-  THE  MECHANISM  OF  THE  FRICTION  OF  HEXAGONAL  BORON  NITRIDE 


The  survey  of  the  literature  brings  out  three  major  (non  exclusive) 
points  to  explain  the  friction  of  hBN,  on  the  tribochemical  point  of  view  : 

-  basal-plane  slip  of  individual  boron  nitride  grain, 

-  attrition  of  boron  nitride  cleavage  fragments  into  minute  scrolls, 

-  shearing  of  amorphous  boron  trioxide- 

The  occurence  of  low  friction  values  can  be  respectively  attributed 

to  : 

-  low  value  of  interplane  shear  strength, 

-  rolling  of  minute  scrolls  in  the  interface  zone, 

-  low  shear  strength  of  low  melting  point  lubricious  boron  trioxide. 


II  -  FRICTION  OF  HBN  "FLAT  CONFIGURATION"  WEAR  DEBRIS  ANALYSIS 


Examining  wear  debris  in  the  TEM,  for  out  first  HBN  friction 
experiments  (in  air  and  under  vacuum),  it  immediately  appears  that  the 
predominant  feature  observed  is  small  boron  nitride  flakes  originating  from 
slip  of  individual  BN  grains  (see  figures  1,  2,  3)- 

Neverthless,  attrition  and  amorphization  of  BN  are  sometimes  visible, 
at  the  same  time  boron  oxide  is  also  analyzed,  but  as  it  is  present  in  the 
Combat  BN,  it  is  difficult  to  decide  whether  it  was  formed  under  friction 
or  originating  from  the  sintering  aid.  Perhaps,  these  latter  eispects  will 
be  more  important  when  testing  the  "edge  configuration"  h-BN 

The  next  section  is  entirely  devoted  to  a  high  resolution  TEM 
analysis  of  the  mechanisms  involved  in  the  "BN  small  flakes"  formation. 
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Ill  -  HIGH  RESOLUTION  TRANSMISSION  ELECTRON  MICROSCOPY  OF  h-BN  WEAR  DEBRIS 


Wear  debris  are  mainly  composed  of  small  BN  thin  flakes  (typically 
100  nm  thick  and  0-5  pm  large).  Very  often,  sandwiches  of  BN  flakes  seem  to 
have  been  oriented  by  friction  (figure  1).  In  some  cases,  it  appears  that 


stacked  BN  flats  have  the  same  morphology  and  are  therefore  originating 
form  shearing  of  the  same  BN  grain  (figure  2). 

Using  the  eucentric  goniometer  stage  in  the  TEM,  the  structural 
features  of  such  debris  can  be  stutied  by  electron  diffraction,  by 
directing  the  electron  beam  either  parallel  to  the  flake  surface  or 
perpendicular  to  the  flake  surface. 

First  when  the  BN  flake  particles  are  in  the  observation  plane 
(perpendicular  to  the  electron  beam),  the  selected  area  electron 
diffraction  pattern  (SAD  pattern)  shows  intense  hkl  reflections 
corresponding  to  hexagonal  boron  nitride,  but  no  001  reflections,  clearly 
indicating  that  BN  hexagonal  atomic  layers  lies  parallel  to  the  flake 
surface  (and  therefore  to  the  sliding  direction).  Moreover,  a  very  weak 
mutual  azimuthal  misorientation  of  the  BN  atomic  layers  is  evidenced  in  the 
diffraction,  this  suggests  that  the  interface  between  BN  flakes  is 
concentrated  in  a  few  shear  planes  only  and  that  turbos tratic  BN  is  not 
present.  Sometimes  the  rotation  between  individual  BN  flats  produces  Moire 
fringes  as  in  figure  (3)- 

Second,  when  the  electron  beam  is  directed  along  direction  2 
(parallel  to  the  BN  layers)  by  tilting  the  preparation,  the  SAD  pattern 
presents  higher  order  001  reflections  whose  arcs  are  very  little  open 
(namely  002,  004,  006)  figure  4.  This  indicates  the  perfection  of  the 
parallelism  between  individual  layers,  which  has  been  conserved  after 
f  riction. 

The  electron  diffraction  study  strongly  suggests  that,  under 
friction,  some  BN  crystallites  from  the  specimen  have  been  sheared  or  slid 
along  the  (00.1)  crystallographic  direction  (sliding  direction  in  this 
case)  and  that  sliding  between  BN  crystal  only  occurs  in  a  few  BN  atomic 
layers  (without  generating  turbostratic  boron  nitride  within  the  BN 
stacks)  . 

In  principle,  the  electron  diffraction  (figure  4)  with  the  BN  planes 
"edge  on"  compared  to  the  observation  plane,  permits  002  lattice  fringes 
imaging  by  using  a  suitable  objective  aperture  ;  but  in  our  case  there  are 
some  difficulties  to  do  this  principally  due  to  the  fact  that  h-boron 
nitride  (at  the  opposite  of  graphite)  is  not  a  good  conductor  of  heat.  So, 
the  crystallites  "edge  on"  are  quite  unstable  under  the  electron  bean  and 
vibrates,  and  this  is  not  suitable  for  high  magnification  in  the  TEM. 
Neverthless ,  we  succed  to  obtain  some  micrographs  of  002  lattice  fringes  in 
the  interface  zone  between  two  stacks  of  h-BN  crystallites  in  very  thin 
areas  (figure  5)*  It  represents  the  orthogonal  projection  of  BN  layers 
which  have  been  sheared  in  the  interface  zone.  Looking  at  this  picture  it 
immediately  appears  that  the  BN  planes  orientation  is  roughly  preserved  and 
that  crystals  have  been  slipped  but  not  separated  from  one  another  by 
cleavage.  Although  some  dislocations  are  visible  and  may  participa:e  to  the 
deformation  by  their  movement  along  the  (001)  direction,  they  cannot 
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explun  sliding  sdong  large  distance  when  concentrated  in  a  few  planes 
only. 


IV  -  CONCLUSION 


Therefore,  it  is  believed  that  sliding  of  low  energy  BN  shear  planes 
allows  large  bi-dimensionnal  displacements  in  the  crystal  and  may  e.xplain 
the  friction  process  (although  that  it  involves  a  considerable  amount  of 
work)  .  But  more  work  is  necessary  to  confirm  this  fundamental  point  and  to 
precise  the  role  of  oxygen  in  this  configuration. 

The  ne.xt  investigation  will  concern  the  role  of  oxygen  in  hBN 
friction. 


LIST  OF  FIGURES 


TEM  micrographs  of  hBN  friction  "flat  configuration"  wear 
fragments  (typical  feature).  Note  the  aspect  of  slip  of 
individual  BN  grains . 


Friction-modified  BN  grain  by  rotation  of  basal  plane  stac.ks 
(presence  of  rotation  Moire  fringes). 


SAD  pattern  of  a  slip  BN  grain  showing  (001)  reflections  of 
the  BN  basal  planes . 


High  resolution  TEM  micrograph  of  the  slip  interface  between 
two  BN  stacks  (002  lattice  fringes  -  d  =  3.33  A). 
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Figure  4 
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t^obtention  of  contamination  free  and  stoechiometric  bn  surfaces  from 


COMBAT  specimen 


INTRODUCTION 


Now,  we  have  received  the  COMfiAT  h-DN  specimens  from  SAPlilFJUt'HK 
(namely  "flat  and  edge"  configurations).  To  continue  our  work,  we  decided 
to  carry  out  some  preliminary  friction  tests  under  UHV,  with  these  new 
specimens,  and  with  the  same  procedure  that  previously  described  for  the  h- 
BN/h-BN  combination  (see  report  III).  Surprisingly,  we  found  lower  friction 
values,  for  both  configurations ,  generally  inferior  to  O.15.  Although  very 
interesting,  this  result  is  in  disagreement  with  the  friction  value 
previously  obtained  under  UHV  in  the  same  conditions  (0.3-0.4)  (see  report 
III)  .  Moreover,  we  already  reported  some  difficulties  to  prepare  and 
characterize  COMBAT  h-BN  surfaces,  as  far  as  carbon  contamination,  presence 
of  oxygen  and  boron/nitrogen  stoechiometry  are  concerned.  Consequently,  we 
decided  to  study  in  more  details  the  surface  of  h-BN  specimens,  depending 
on  the  cleaning  procedure.  The  reason  is  that  the  initial  friction  value  of 
the  prepared  surface  is  thought  to  play  a  key  role  in  the  wear  process  of 
the  h-BN  system  and  that  basically  it  is  necessary  to  know  what  is 
beginning  to  slide  on  what,  to  have  a  good  interpretation  of  the  data 
obtained. 


I  -  ANALYZING  STANDARDS  BY  XPS 

Pure  h-BN  powder,  pure  boron  trioxids  (820^)  and  boron  carbide  (B4C) 
(from  Fluka  AG)  were  analyzed  by  XPS,  with  the  purpose  to  obtain  standard 
values  for  quantitative  analysis  of  boron,  nitrogen  and  oxygen  and  to 
measure  chemical  shifts  of  Bis,  Nls,  Cl,  and  01s  in  their  respective 
chemical  bonding.  Our  results  are  given  in  table  1,  where  available 
literature  data  are  also  shown.  Generally  it  appears  that  standards  are  of 
good  quality  because  XPS  peaks  (Bis.  Nls  and  01s)  have  only  one 
contribution.  At  the  same  time,  our  data  are  in  excellent  agreement  with 
values  already  published.  Concerning  Bis,  the  binding  energy  shifts  from 
186.3  eV  for  boron  carbide  to  187-8  eV  for  elemental  boron  to  190-3  eV  for 
boron  nitride  and  to  193-^  eV  for  boron  oxide,  so  that  these  different 
contributions  can  be  easily  distinguished  in  the  XPS  spectra.  Concerning 
Cls,  the  binding  energy  shifts  from  284.2  eV  for  graphitic  carbon  [1]  to 
283  eV  for  boron  carbide  and  to  284.8  eV  for  environment  contamination 
(hydrocarbon)  ;  here  it  is  more  difficult  to  separate  the  different 
contributions  with  the  equipment  at  hand. 
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Table  1  :  Bis,  Nls  and  Ols  binding  energy  (eV)  obtained  by  XPS  for 
different  standards  (available  data  from  the  literature  are  also 


II  -  OPTIMIZING  THE  COMBAT  h-BN  SURFACE  CHEMISTRY 

II. a)  The  effect  of  ion  etching 

COMBAT  h-BN.  grade  A,  is  a  polycrystalline  material  containing  boron 
trioxide  (820^)  as  a  sintering  aid  (6  %  by  weight).  Table  2  shows  the 
effect  of  argon  etching  at  3  KeV,  on  the  composition  of  the  h-BN  surface  of 
as  received  specimens  (the  first  supply  of  COMBAT  specimens).  It  is  shown  : 

-  a  BN  stoechiometry  deviation,  the  B/N  ration  being  of  I.5  after 
etching,  surprisingly,  the  selective  sputtering  of  nitrogen  does  not  shift 
the  binding  energy  of  Bis, 

-  Argon  implantation,  as  shown  by  the  X-ray  analysis  of  the  surface 
f  ragmen ts , 

-  a  change  in  the  colour  of  the  h-BN  surface,  from  white  opalescent 
to  tarnished  and  brown, 

-  a  modification  in  the  carbon  chemical  form.  Sputtering  cleaning 
does  not  eliminate  carbon  from  the  h-BN  surface  (13  %  atomic),  moreover  a 
change  in  the  Cls  binding  energy  indicates  that  carbon  is  graphitized 
and/or  carbide, 

-  the  oxygen  content  is  roughly  preserved,  under  a  boron  oxide 
chemical  bonding,  but  the  stoechiometry  deviates  from  B2O3 . 


as  received 

after  etching 

B.E. 

%  atomic 

B.E. 

%  atomic 

Bis 

190.3 

24.7 

190.3 

29.1 

191.9 

6.2 

192.7 

6.3 

Nls 

398.1 

25.7 

397.8 

19.5 

Cls 

284 . 65 

17.6 

283.7 

13-5 

286.4 

5.4 

288.1 

1,2 

01s 

532.1 

16.8 

532.5 

25.1 

534.6 

1.5 

B/N 

/ 

1 

/ 

1.49 

Table  2  :  Etching  effect  on  the  COMBAT  BN  surface  ;  binding  energy  (B.E.) 

and  atomic  concentration. 


D-82. 


II. b)  The  effect  of  annealing 


We  decided  to  modify  our  specimen  preparation  procedure  before 
tribotesting  the  whole  set  of  new  COMBAT  specimens,  with  three  purposes  in 
mind  : 


-  eliminate  carbon  from  h-BN  surfaces, 

-  preserve  the  BN  stoechiometry , 

-  characterize  the  residual  boron  oxide  from  the  sintering  aid. 

The  table  3  illustrates  the  effect  of  three  cleaning  sequences  on  the 
characterization  of  h-BN  flat  surfaces  by  XPS  : 

-  annealing  at  450°C  under  UHV, 

-  sputter  cleaning  with  Argon  (3  KeV) , 

-  annealing  at  450  C  under  UHV. 

After  annealing  at  450'’C,  it  appears  that  the  carbon  content  has 
disappeared,  that  the  BN  stoechiometry  is  preserved  (B/N  =  0.9)  and  that, 
in  these  conditions,  the  h-BN  surface  is  easily  cleaned.  When  the  heat 
treated  BN  surface  is  sputter  cleaned,  the  carbon  appears  again,  but  under 
carbide  and/or  graphitic  organization,  it  seems  that  boron  carbide  is  also 
detected  with  the  Bis  XPS  peak.  Annealing  of  these  sputter  cleaned  BN 
surface  does  not  remove  carbon.  It  is  wondering  what  is  the  effect  of  this 
treatment  on  friction  ? 

The  saime  procedure  can  be  applied  to  the  h-BN  pin  ( flat  or  edge 
configuration)  see  table  4.  The  conclusions  are  the  same  as  far  as  B,  N  and 
C  are  concerned. 

The  characterization  of  oxygen  is  another  problem. 


Annealed  at  450 °C 
in  UHV 

B.E. 

%  atomic 

Bis 

190.3 

42.4 

Nls 

397-9 

44.2 

Cls 

/ 

/ 

01s 

532.8 

13-4 

B/N 

.  .  . 

/ 

0.86 

Table  4  ;  Analyze  of  h-BN  pin  after  annealed  at  450*C 


Step  1  :  cleaned  with  Step  2  ;  annealed  at  Step  3  :  argon  etching  Step  ‘l  :  Annealed  at 
propanol  2  ^150  C  in  UHV  ^150  C  in  UllV 


II. c)  XPS  analysis  of  oxygen  on  the  h-BN  surface 

As  we  earlier  mentionned  the  Ols  XPS  signal  peaks  at  532.3  eV,  is 
very  near  from  the  binding  energy  of  oxygen  in  pure  boron  trioxide  and 
shows  only  one  contribution.  Surprisingly,  the  Bis  peak  corresponding  to  B- 
0  (Eg  =  192.4  eV)  is  practically  absent  in  the  XPS  spectra,  so  that  the 
820^  stoechiomecry  is  never  obtained.  In  the  propanol  cleaned  specimens  0/3 
ratio  is  5-7  and  0/B  is  even  more  after  annealing  (the  0/B  ratio  is  I.5  in 
820^).  At  the  same  time,  the  literature  indicates  that  annealing  at  450°C 
has  no  chemical  effect  on  boron  trioxide  composition  [5]- 

As  we  checked  by  SIMS  that  water  was  not  present  in  the  h-BN 
structure  (see  report  IV)  ,  the  excess  of  o.xygen  was  attributed  to  gas 
entrapped  in  the  BN  microstructure,  but  this  is  in  disagreement  with  the 
Ols  XPS  peak,  the  binding  energy  of  which  corresponding  to  0-B  bonding.  We 
can  observe  twice  more  oxygen  with  the  old  specimens  than  with  the  new  ones 
(see  table  5) • 


as  received 

November  1987 
— 

April 

1989 

B.E. 

— 

X  atomic 

B.E. 

X  atomic 

Bis  (B-N) 

190.3 

24.7 

190.3 

35.3 

(B-0) 

191.9 

6.2 

192.5 

1.6 

Ols 

532.1 

16.8 

532.2 

7.7 

B  oxided/0 

/ 

0.37 

/ 

0.2 

Table  5  '•  Oxygen  quantities  analyzed  in  the  old  and  new  h-BN  COMBAT. 


CONCLUSION 

The  COMB.AT  h-BN  specimen  have  a  complex  nature  due  to  the  presence  of 

boron  oxide  from  the  sintering  aid.  It  has  been  observed  : 

-  that  the  first  supply  of  specimens  contain  twice  more  oxygen  than 

the  second  one, 

-  that  the  boron  oxide  species  do  not  have  the  820^  stoechiometry 
(o.xygen  is  largely  surstoechiometric) , 

-  that  the  cleaning  procedure  does  not  remove  oxygen  from  the 
surface . 

It  is  thought  that  oxidized  species  play  a  key  role  in  the  friction 
process  of  BN  under  vacuum. 

Analyzing  several  cleaning  procedure,  it  has  been  shown  ; 

-  that  ion  etching  modifies  the  BN  stoechiometry  and  changes  the 

chemical  form  of  carbon  contaminant, 

-  that  annealing  at  450  C  preserves  the  BN  stoechiometry  and 
eliminates  carbon  from  the  surface, 

that  etching  a  heat  treated  BN  surfaces  makes  carbon  to  appear  as  a 
bulk  contaminant. 
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FRICTION  OF  PYROLYTIC  h-BN  UNDER  UHV.  ROLE  OF  SURFACE  CHEMISTRY  AND  OF  THE 

CRYSTALLOGRAPIC  ORIENTATION 


Friction  experiments  are  conducted  under  UHV  (10  nPa)  with  COMBAT 
h-BN  pins  and  flats.  The  tribological  conditions  are  : 

-  normal  load  :  2  N, 

-  sliding  speed  :  0,6.10"3  m/S, 

-  length  of  the  stroke  :  3-10”^ 

-  number  of  passes  :  75. 

-  temperature  :  300  K. 

These  conditions  were  the  same  that  for  the  study  of  oSiC  friction. 
The  calculated  meein  Hertz  pressure  is  0.3  GPa. 

Two  specimen  preparations  were  used  : 

-  cleaning  with  propanol-2, 

-  annealing  at  450*C. 

The  surface  chemistry  obtained  with  these  procedures  was  studied  by 
XPS,  and  were  already  detailed  (see  report  6).  We  mention  here  that 
annealing  at  450 ’C  removes  carbon  contamination  from  the  top  surface,  but 
does  not  remove  oxygen  and  boron  oxide. 

For  each  configuration,  we  found  the  same  surface  chemistry  after 
annealing  (see  table  1). 


FLAT 

EDGE 

propanol  | 

annealing 

propanol 

annealing 

B 

37X  1 

43;^ 

39% 

42:1: 

N 

39%  1 

^1% 

^1% 

0 

Q% 

U 

B 

C 

1 

2% 

12% 

1% 

Table  1 


Two  crystallographic  orientation  systems  were  studied  : 

-  pin  (flat  configuration)  against  flat  (flat  configuration) , 

-  pin  (edge  configuration)  against  flat  (edge  configuration) ,  the 
edge  BN  basal  planes  being  parallel  to  the  sliding  direction. 

It  is  worthy  to  note  that,  among  the  nine  possible  edge/flat 
combinations,  the  two  situations  that  we  chose  here  are  the  two  extremes 
ones,  the  others  are  thought  to  give  intermediate  results. 

To  compare,  some  similar  fricton  tests  were  performed  in  ambient  air. 
but  with  another  tribotester.  In  this  care,  the  h-BN  specimens  were  cleaned 
with  propanol-2. 


RESULTS 

-  Friction  under  UHV 


For  each  configuration  (flat/flat  and  edge/edge),  friction  tests  were 
carried  out  on  different  specimens  and  duplicated  to  show  the 
reproductibility.  (see  figure  1  for  as  received  BN  specimens  and  figure  2 
for  annealed  specimens) . 

Friction  results  are  summarized  in  figure  3  the  two  specimen 
combinations  and  for  the  two  preparation  procedures  (four  tests).  The  main 
observations  are  ; 

-  friction  coefficients  range  from  p=0.35  ho  vi=0.7  ah’s  quickly 
stabilized.  The  results  obtained  with  propanol  cleaning  samples  are  in 
agreement  with  data  of  ROWE  and  BUCKLEY  who  showed  that  the  friction 
coefficient  of  boron  nitride  under  vacuum  and  not  annealed  was  about  0.4- 

0.5  [1]. 

-  that  friction  values  are  quite  reproducible  (see  figures  1  and  2) , 

-  that,  without  annealing,  friction  coefficients  are  lower  than  those 
after  annealing  (carbon  has  been  removed  in  these  conditions), 

-  that,  without  annealing,  the  trend  is  that  the  flat  configuration 
gives  lower  friction  values  that  the  edge  configuration  ;  this  effect  is 
not  very  important  as  far  as  friction  is  concerned  (the  effect  on  wear  is 
also  pronounced  and  will  be  discussed  later) . 
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-  that  after  annealing  the  friction  values  increase  to  O.65-O.7  for 
both  configurations. 

-  Friction  in  air.  Comparison  with  vacuum 

Friction  curves  are  shown  in  figures  4,  5.  6  with  different 

presentations.  It  can  be  concluded  : 

-  that  friction  of  COMBAT  h-BN  in  air  gives  very  low  friction  values 
(<  0.1)  which  are  very  well  stabilized, 

-  that  the  effect  of  the  crystallographic  orientation  is  practically 
negligible  in  air. 

It  can  be  thought  that,  in  these  conditions,  the  influence  of  surface 
contaminant  (carbon,...)  is  decisive  ;  this  is  in  agreement  with  the 
prediction  of  TABOR  [1]. 

-  Conclusion 

To  conclude  on  this  set  of  friction  experiments  with  h-BN  COMBAT 
specimen,  it  can  be  stated  : 

-  that  h-BN  friction  drastically  depends  on  the  environmental 
conditions  (a  decrease  of  a  factor  4  from  UHV  conditions  compared  to 
ambiant  air) 

-  that  friction  of  h-BN  is  highly  dependent  on  the  presence  of 
contamination  on  the  surface,  whatever  the  crystallographic  orientation  may 
be, 

-  that  einnealed  h-BN  surfaces  give  higher  friction  values, 

-  that  generally  friction  is  only  slightly  influenced  by  the 
crystallographic  orientation  of  h-BN  surfaces.  However  it  seems  the  flat 
configuration  gives  lower  values  than  the  edge  configuration  under  UHV. 

The  next  report  will  be  concerned  with  the  study  of  wear  of  these 
specimens . 
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WEAR  OF  h-BN 


INTRODUCTION 

Friction  experiments  were  conducted  under  UHV  (10  nPa)  with  h-BN  pins 
and  flats  (see  report  n°  7)- 

Wear  of  h-BN  specimens  were  studied  by  examination  of  surfaces  after 
the  friction  test  (optical  and  electron  micrographs)  and  profilometric 
measurements  in  the  wear  scars.  For  comparison,  the  same  analysis  was 
performed  in  the  case  of  friction  in  ambiant  air. 

RESULTS 

Results  can  be  summarized  as  followed  (see  table  1  and  selected 
micrographs)  ; 

-  in  air,  wear  of  h-BN  is  found  negligible,  and  this  corresponds  to 
low  friction  values, 

-  under  UHV,  and  in  the  presence  of  contamination  (cleaning  with  n- 
propanol)  ,  wear  mainly  occurs  on  the  h-BN  pin,  the  diameter  of  the  wear 
scar  is  clearly  visible.  Concerning  the  h-BN  flats,  results  indicate  a 
better  wear  resistance  for  the  edge  configuration. 


-  under  UHV,  after  heat- treatment  at  450°C  (elimination  of 
hydrocarbons),  wear  is  more  important.  Here  again  we  notice  a  better 
behavior  of  the  edge  configuration. 


preparation 
e..v  Ironment 

crystal 

configuration 

f 

average 

value 

pin 

wear  scar 

diameter 

flat 

wear  scar 

photos 

propanol 

air 

flat/ flat 

0.09 

not 

visible 

not 

visible 

propanol 

air 

edge/edge 

0.03 

not 

visible 

not 

visible 

propanol 

UHV 

flat/flat 

0.40 

»  1  mm 

1-2 

propanol 

UHV 

edge/edge 

0.50 

•  1,3  lEO 

not 

visible 

7  -  8 

heat  treated 

UHV 

flat/ flat 

0.65 

•  0,8  mm 

+  +  ♦•  + 

3  -  4 

5  -  6 

heat  treated 

UHV 

edge/edge 

0.65 

1,4  mm 

♦ 

9  -10 

11  -  12 

Table  1 
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pifCI^SSION 

When  analyzing  the  effecto  of  both  the  environmental  conditions  and 
the  crystallographic  orientation  on  the  friction  and  wear  of  COMBAT  h-HN 
rigiinr. t  itself,  it  appears  that  the  effect  of  environmental  species  is  of 
iirst  importance,  and  particularly  ; 

-  air  (oxygen  and  water  ?), 

-  hydrocarbons  from  contaminants. 

Ih.e  main  difficulty  is  in  deciding  whether  the  adsorbed  gases  are 
only  effective  as  .surface  films  or  they  enter  the  lattice  and  weala.-n  the 
!  i:\g  between  the  BN  pUines.  so  reducing  the  shear  strength  of  h-EsN 
1 tsel f . 

In  the  absence  of  these  species,  the  crystallographic  orientation  of 
COMB.AT  h-BN  influences  the  wear  results,  but  the  interpretation  is  rather 
ct.;;!p]  ex  .  E-'or  e.xampie  there  is  an  inversion  in  the  wear  of  the  pin  and  of 
the  flat  when  using  the  flat/flat  or  the  edge/edge  configuration. 
N'jverthless ,  as  a  whole,  it  appears  that  the  edge/edge  configuration  gives 
better  results;.  E^erhaps  that  the  case  flat  pin/edge  flat  should  be  a  better 
compromise . 

Of  course  all  these  experiments  have  been  conducted  at  room 
temperature  ;  the  effect  of  the  temperature  during  the  test  is  still 
unknown  and  .sEiould  compl  icate  the  interpretation. 

To  conclude  on  this  set  of  experiments,  it  appears  that  the  study  of 
friction  of  h-ElN  is  a  very  exciting  field  and  results  obtained  indicate 
that  it  should  be  encouraging  to  continue  the  research  to  optimize  the 
working  conditions  for  COMBAT  h-BN.  Unfortunately  our  time  is  limited. 

The  next  report  will  be  concerned  with  the  mechanisms  of  friction  of 
h-EJN.  At  the  same  time,  we  begin  to  work  with  silicon  nitride  specimens. 
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■  MECHANISMS  OF  h-BN  FRICTION 


INTHODUCTION 

The  mechanisms  of  friction  of  hexagonal  boron  nitride  (h-BN)  are 
exiilainod  here  in  terms  of  deformation  modes  of  individual  BN  grains  in  the 
contact  area.  The  study  involves  the  detailed  analysis  of  wear  fragments  in 
th:-  same  way  that  it  was  done  for  a-SiC. 


RESULTS 


High  resolution  analysis  of  wear  fragments  (originating  from  all  the 
friction  experiments  with  h-BN)  was  carried  out  in  the  analytical 
transmission  electron  microsocpe  (TEM) . 


But  the  situation  here  is  much  more  complex  ;  five  types  of  h-DN  wear 
particles  were  generally  detected,  they  were  classified  as  follows, 
depending  on  how  they  were  produced  in  the  wear  process  (see  selected  TEM 
micrographs)  : 


-  basal-plane  slip  flakes  (a) 

-  bended  small  flakes  (b) 

-  crumpled  flakes  (c) 

-  rolled  flakes  (d) 

-  amorphized  spheroidal  grains  (e) 


photos  1,  2 
photo  3 
photos  4 ,  5 
photos  6,  7.  8,  9 
photos  10,  11 


Generally,  these  wear  fragments  are  all  present  in  all  the 
situations,  but  the  proportion  of  each  type  depends  on  the  tribological 
test.  In  table  1,  (see  report  8)  we  have  reported  presence  or  not  of  each 
type  of  wear  fragments  in  the  different  friction  tests. 
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wear  sc.ar 
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propaiioL 
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flat/ flat 

0.09 

not 

visible 

not 

visible 

+  +  + 

propanol 

air 

edge/edge 

0.08 

not 

visible 

not 

visible 

+  +  ■»• 

+ 

4* 

propanol 

UHV 

flat/flat 

0.40 

=>  1  mm 

+ 

+ 

+  4- 

+  4-  + 

4  4  + 

4  4  ^ 

propianol 

UHV 

edge/edge 

0.50 

=  1,3  mm 

not 

visible 

+  4-4- 

+  44 

4  4  -*• 

heat  treated 
UHV 

flat/ flat 

0.65 

=  0,8  mm 

+  +  +  + 

+  t-  + 

1-  +  + 

4  4  4 

4  4  4 

hc;at  treated 
UHV 

edge/edge 

0.65 

1,4  mm 

+ 

+  4-  + 

+  4-4- 

+  4  ■» 

4  4  4 

...  - 

Table  1 


Under  UHV  results  indicates  that  : 

-  in  the  edge/edge  configuration,  only  a  few  type  (a)  particle  are 
present  mid  a  lot  of  other  ones, 

-  in  the  flat/flat  configuration,  type  (a)  particle  are  more 

numerous,  but  the  other  ones  are  always  in  majority. 

(Note  that  no  quantitative  analysis  was  attempted  to  distinguish 
accurately  between  (b) ,  (c) ,  (d) ,  (e)  particles). 

In  air,  and  surprisingly,  only  type  (a)  particles  (basal  plane  slip) 
are  observed  (even  in  the  edge/edge  configuration  ! ) . 

It  is  important  to  note  that  in  a  first  experiment  with  h-BN  friction 
under  UHV  (see  report  5)  .  only  type  (a)  particle  wear  detected.  But  this 
first  COMBAT  specimen  contained  twice  more  oxygen  than  the  second  supply. 
Indoubtly,  the  roles  of  oxides,  gas  and  contaminants  are  of  first 

importance  in  generating  wear  debris  morphologies  (and  therefore  wear 
mechanisms)  . 
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DISCUSSION 


Friction  under  UHV 

Actually,  it  appears  that  during  friction  and  in  the  absence  of  gases 
and  contaminants,  it  is  easier  to  bend  and  cleave  a  h-BN  grain  than  to  slip 
basal  plcxnes  in  it,  whatever  the  initial  crystallographic  orientation. 
Thtirefore,  wear  debris  of  type  (b)  are  e.xpected  to  occur  in  all  the 
situations.  When  type  (b)  particles  are  submitted  in  to  reenter  the 
contact,  they  can  be  transformed  in  type  (c)  .  (d)  and  (e)  ,  and  this  can 
explained  the  results  obtained  under  UHV.  This  can  be  illustrated  by 
several  schemes  (see  figtires  1,  2,  3.  5)  • 

Fig'ure  1  :  Formation  of  tjT>e  (a)  particle  (flat  and  edge  configuration). 
Figure  2  ;  Formation  of  type  (b)  particle  (flat  and  edge  configuration). 
Figure  3  :  Formation  of  type  (c)  particle  (flat  and  edge  configuration). 
Figure  4  ;  Formation  of  rolls  (d)  (flat  and  edge  configuration). 

F.i gure  5  ;  Formation  of  amorphized  grains  (e)  (flat  and  edge  configuration) 

Friction  in  air 

In  the  presence  of  reactive  gases  (oxygen,  water  ?)  it  appears  that 
basal  plane  slip  occurs  more  easily  and  this  deformation  mode  is  conserved 
even  when  debris  reenter  the  contact  zone.  An  interpretation  is  that  there 
is  a  weakening  of  Van  der  Waals  forces  between  BN  planes  due  to  the 
presence  of  gases  and  a  decrease  of  the  surface  energy  due  the  effect  of 
chemisorption.  But  the  situation  is  not  very  clear  at  the  moment,  friction 
of  h-BN  under  oxygen  or  water  should  be  very  interesting  to  investigate 
this  point. 

Finally,  in  figure  6,  we  present  several  sequences  to  illustrate  the 
different  ways  in  which  h-BN  accomodates  during  friction  and  produces  wear 
fragments  from  basal  plane  slip  to  amorphization. 
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I  -  SURFACE  ANALYSIS  OF  h-BN  BY  XPS 


We  have  made  some  progress  concerning  the  XPS  analysis  of  h-BN  and 
especially  the  origin  of  the  sur-stoichiometric  boron  oxide  that  we  found 
in  report  6.  Also  we  refined  the  process  of  XPS  spectra  to  have  a  better 
identification  of  the  different  chemical  bonding  at  the  boron  nitride 
surface. 

For  the  annealed  h-BN  surface,  we  have  the  following  results  : 

-  BN  stoichiometry  (B/N  =  0.93). 

-  boron  nitride  chemical  bonding  (estimated  at  86  %  by  weight), 

-  low  content  of  carbon  in  the  graphitic  form  only  (estimated  at  2  % 
by  weight) , 

-  boron  oxide  : 

Remember  that  the  Bis  binding  energy  has  the  same  value  that 

for  the  standard  oxide  B2O3,  but  oxygen  is  largely 

surtoichiometric.  We  have  four  possible  explanations  for  this  : 

1)  surtoichiometric  boron  oxide, 

2)  oxygen  intercalated, 

3)  water  intercalated 

4)  contribution  of  other  oxides. 

Hypothesis  2)  and  3)  are  refuted  by  XPS  and  SIMS  results  (see  reports 
3  and  6) .  * 

The  presence  of  other  cationic  oxides  is  also  possible  as  Si02,  CaO, 
MgO,  AlO,  Al20^  etc...  The  01s  binding  energy  is  close  to  that  of  boron 
trioxide  (the  sintering  aid).  A  good  compromise  is  the  existence  of  mixed 
glasses,  such  as  borosilicate  a  boroaluminate  in  which  the  binding  energies 
of  Bis  and  01s  are  only  slightly  shifted  compared  with  820^,  not  enough  to 
be  detected  by  our  equipment.  This  can  explain  the  XPS  results  and  the  sur- 
stoichiometry  in  oxygen. 


II  -  ANNEALING  OF  h-BN  at  750*C  UNDER  UHV 

The  effect  of  annealing  h-BN  at  450*0  under  vacuum  has  been  studied 
in  part  I  of  this  report.  As  boron  trioxide  has  a  melting  point  of  500*0, 
and  chemically  decomposes  at  900*0  (under  UHV  10“9  mbar) ,  it  seemed  to  us 
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interesting  to  study  the  effect  of  annealing  at  750*C  for  1  hour  under  UHV 
and  to  XPS-analyze  the  h-BN  surface  that  is  formed.  Results  (figure  1  and 
table  below)  show  a  relative  increase  of  the  "boron  oxide"  content 
concomitant  with  a  decrease  of  the  BN  concentration.  This  is  attributed  to 
intergranular  migration  and  diffusion  of  molten  B20^  to  the  surface. 


step  1 
Annealing 
at  450*0 

15  mn 

step  2 
Annealing 
at  750*0 

15  mn 

step  3 
Annealing 
at  750*0 

15  mn 

step  4 
Annealing 
at  750*0 

15  mn 

step  5 
Annealing 
at  750*0 

15  mn 

step  6 
Annealing 
at  750*0 

15  mn 

B-N 

42.2  % 

38.7  r. 

36.8  % 

36.6  % 

37.7  % 

37.8  % 

B-0 

2.2  % 

5-5  % 

7.5  % 

8.1  % 

1.2  % 

7.5  % 

0-ox 

7.4  % 

14.6  1. 

15.4  t 

16.0  1. 

14.1  % 

% 

N-B 

46.4  % 

41.1  % 

40.02 

39.4 

kl.l  % 

40.1  % 

Ill  -  OXIDATION  OF  h-BN  IN  AIR  AND  UHV 

It  is  known  that  h-BN  begins  to  oxidizes  in  air  at  800*C,  and  that 
the  presence  of  Si02  can  modify  this  temperature  (specimens  containing  5  % 
Si02  oxidize  at  900‘C). 

The  reaction  is  : 

2  BN  ♦  3/202  -  B2O3  ♦  N2 
Five  heat  treatments  were  made  : 


-  450*0  ;  1  hour 

-  750]c  :  1  hour 

-  950*0  :  1  hour 


UHV 


-  1000*0  :  1  hour 


ambient  air 


XPS  results  are  presented  in  figure  2. 

It  is  interesting  to  see  that  annealing  at  950*0  under  UHV  leads  to  a 
decrease  of  the  oxide  content,  due  to  the  dissociation  of  B2O3  under 
vacuum . 

Annealing  at  1000*0  in  air  leads  to  oxidation  of  h-BN,  and  diffusion 
of  silicon  oxide  at  the  surface. 
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FRICTION  OF  PYROLYTIC  h-BN.  EFFECT  OF  ENVIRONMENTAL  GASES 
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As  it  appears  that  friction  of  h-BN  on  itself  is  more  sensitive  to 
environmental  factors  (gas,  contamination  cleaning.,.)  than  to  the  initial 
crystallographic  orientation,  we  decided  to  carry  out  a  set  of  friction 
experiments  at  room  temperature  and  in  different  gases,  in  order  to  know  if 
it  is  possible  to  lubricate  h-BN  in  these  conditions. 


I  -  FRICTION  OF  h-BN  ON  ITSELF  UNDER  LOW  PARTIAL  PRESSURE  OF  GAS 


Friction  tests  were  conducted  under  static  low  partial  pressures  of 
different  gases,  namely  water  {H2O)  carbon  monoxide  (CO),  propane  (C^H8) 
and  ambient  air.  For  these  different  gases,  the  pressure  in  rhe  main 
chamber  of  the  AES/XPS  tribometer  was  controlled  at  10~5  mBar  (»  10“5  Torr) 
before  the  friction  test. 

The  h~BN  materials  were  COMBAT  h-BN  specimens  used  in  the  "flat/ flat" 
configuration  ;  before  the  friction  test,  they  were  annealed  at  450*C  under 
UHV  to  eliminate  hydrocarbons  from  the  surface.  The  tribological  parameters 
were  the  followings  ; 

-  normal  load  :  2  N, 

-  sliding  speed  :  0.6.10~3  m/s, 

-  length  of  the  stroke  :  3-10”^  n. 

-  number  of  passes  :  75. 

-  temperature  :  300  K. 

The  results  are  shown  in  figures  1,  2,  3. 

As  can  be  seen,  under  these  low  partial  pressures,  and  in  comparison 
with  UHV  conditions,  the  friction  of  h-BN  on  itself  is  not  affected  by  the 
presence  of  environmental  gases,  the  value  of  the  average  friction 
coefficient  lying  in  the  range  O.65-O.7  (note  that  the  computer  averages 
the  friction  coefficient  for  each  pass,  so  the  local  fluctuations  are  not 
reproduced,  but  generally  they  are  weak  in  our  conditions). 
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As  a  rule-of- thumb,  remember  that  at  10"^  mBar,  the  contamination  is 
approximately  one  monolayer  per  second  (depending  on  the  gas  and 
temperature) . 


II  -  FRICTION  OF  h-BN  ON  ITSELF  UNDER  HIGH  PARTIAL  PRESSURES  OF  GAS 

Friction  tests  were  conducted  in  the  same  conditions  on  the  same  h-BN 
flat  for  each  gas. 

Three  experiments  are  presented  here  : 

-  oxygen  10”^  mBar  (static), 

-  air  10”5  mBar  -  10"^  mBar, 

-  propane  10”5  mBar  -  10“^  mBar  -  10“5  mBar. 

In  our  conditions,  it  was  not  possible  to  obtain  10“^  mBar  of  water 
in  the  chamber  (see  the  saturation  curve) .  Note  also  that  this  represents 
high  pressures  and  some  problems  for  the  UHV  instrumentation. 

Results  are  shown  in  figure  4,  5.  6, 

As  can  be  shown,  propane  (C^Hg)  and  air  at  10“^  mBar  lubricate  h-BN 
on  itself,  the  friction  coefficient  immediately  dropping  down  to  0.4 
(approximately  one  half  of  the  UHV  value).  Note  that  in  the  case  of 
propane,  the  friction  increases  again  to  0.6-0. 7  when  the  pressure  is 
decreased  at  10“5  mBar  at  the  end  of  the  test. 

Surprisingly  pure  oxygen  has  no  effect  on  friction  at  10~^  mBar. 


Ill  -  FRICTION  OF  h-BN  ON  ITSELF  IN  AIR 


When  ambient  air  is  introduced  in  the  chamber  at  the  atmospheric 
pressure  (»  1  Bar)  in  static  conditions,  the  friction  coefficient  is 
stabilized  at  0.25.  Note  that  this  value  is  higher  than  the  value  obtained 
in  air  with  non-annealed  h-BN  specimens  (f  •  0.1). 


CONCLUSION 


We  have  studied  the  effect  of  different  gases  on  the  friction  of 
annealed  h-BN  on  itself,  at  room  temperature,  and  at  different  partial 
pressures . 

The  gases  used  were  water  (H2O),  carbon  monoxide  (CO),  propane 
(C^Hg) ,  oxygen  (O2)  and  ambient  air. 

1)  At  low  partial  pressure  (10"5  mBar) .  these  gases  have  no  effect  on 
friction,  the  value  obtained  (f  =  0. 6-0.7)  being  the  same  that  under  UHV 
( 10"^®  mBar) . 

2)  At  higher  partial  pressure  {10~^  mBar),  air  and  propane  make  the 
friction  coefficient  to  be  decreased  by  a  factor  2  (f  •  0.4)  the  phenomenon 
being  reversible  in  the  case  of  propane.  Surprisingly,  in  these  conditions 
we  found  no  effect  of  oxygen. 

3)  At  atmospheric  pressure  (1  Bar)  of  air,  the  friction  coefficient 
is  reduced  to  0.25  with  previously  annealed  surfaces. 
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FRICTION  OF  h-BN'  ON  Si^Na 


r  -  FRrCTJON  OF  SILICON-  NITRIDE  {Si^Su)  ON  ITSELF  UNDER  Utfl^ 

COMPARISON  WITH  BORON  NITRIDE  ( FL^\T  CONFIGURATION 

The  annealing  procedure  t.hat  we  chose  was  the  same  that  for  bte- 
nitride  (30  minutes  at  hOO^C)  . 

The  cleaiiing  solution  was  l-propanoi. 

The  trihological  conditions  were  previously  described  (see  report 

11). 


In  this  set  of  UfiV  friction  experiments,  we  compare  the  behavior  of 
silicon  nitride  and  boron  nitride,  depending  on  the  cleaning  procedure. 

Results  are  presented  in  figures  1,2,  3  and  4. 

Friction  of  annealed  under  vacuum  is  high  and  reproducible 

(figure  1)  f  •  0.8.  The  propanol-cleaned  specimens  give  a  low  friction 
(f  <  0.2)  at  the  very  beginning  of  the  test,  but  quickly,  after  a  few 
passes,  the  friction  drops  up  to  the  same  high  value  (f  =  0.8).  Compared  to 
h-BN,  we  can  say  that  surface  contaotination  does  not  play  the  same  role,  in 
the  case  of  h-DN  friction  it  lubricates  with  durability,  in  the  case  of 
Si'5N4  friction,  the  effect  is  very  limited  (see  figiares  3  and  4).  At  the 
same  time,  Si^N^  friction  is  more  fluctuating  than  h-DM  friction. 


11-  friction  of  mixed  couples  nN/Si3N4  and  Si3N/t/BN  under  UVtV. 

COWP.ARISON  WITH  THE  SA.ME  ANTAGONISTS 

It  was  very  interesting  here  to  study  the  friction  of  h-EN  against 
Si^N/)  when  rising  tf'.e  two  situations  of  pin  on  flat. 

Results  are  shown  in  figur.es  5  and  6  for  UHV  conditions,  propanol 
cle.sned  and  annealed  surfaces.  It  is  very  amazing  to  note  that  BN/Si^Nu 
under  Uf!V  gives  lower  friction  values  that  the  opposite  Si^NV;/BN  1  (0.'4/0.7 


for  annealed  surfaces  and  0.2/0. 3  foi^  propanol  cleaned  surfaces)  see  table 
below.  It  is  also  interesting  to  see  that  friction  of  BM/Si2‘'^4  (OA)  is 
lower  than  BN/BN  (0.6/0.?)  and  Si3N4/Si3Nl|  (0.8)  !  (see  figtires  7  and  8). 


BN /BN 

BN/Si3N4 

Si3N4/BN 

Si3N4/Si3N4 

UHV 

annealed 

0.7 

0.4 

0.7 

0.8 

UHV 

0.35 

0.2 

0.3 

0.8 

When  e>:a:iiining  the  friction  curves  for  BN/Si^Ni^  under  vacuum,  the 
reproductible  shape  suggests  that  a  tribochemical  reaction  is  involved 
between  BN'  and  Si^N^.  At  the  opposite,  the  friction  curves  for  tiro 

much  more  monotonous.  At  the  moment  we  have  no  clear  e.vplanation  for  thi.s 
phenomenon,  perhaps  a  hardness  effect  is  also  possible,  undoubtly  wear 
debris  analysis  should  help  us  to  interprate  this  behavior  difference. 


List  of  fissures 

L^-ure;:  1-2  :  Friction  of  Si2/N4  nmi  BM/BN  under  LiliV.  Reproduc 
tests . 

F ’ :  Coiuparison  of  SioN4/Si2N4  and  EN/BN  friction. 

F-.u;'-;s  B-n  ;  Friction  of  BM/Si^N^i  and  SioN/j/BN  uiider  UriV.  Roprcuuc 
f.es  ts . 

Fiirures  7~8~9~iO  :  Comparison  between  the  different  poss ibilitier:  : 

BN'/BN  -  BN/Si3N'4  annealed 

3i3N4/BN  -  BN/Si3N4  and 

SisN4/EN  -  Si3N47Si3N;!  cleaned 


3>~i4o 


Si3N4  /  Si3N4 

Ultra  High  Vacuum  (Propanol) 


Si3N4  /  Si3N4 

Ultra  High  Vacuum  (Annealed) 


CJX/ - 

0  10a)30-O506Q73S0 


i  :L  1>-m 


i 

/ 


ucctFricerr 


BN  \  BN 

Ultra  High  Vacuum  (Propanol) 


pcisn 


BN  \  BN 

Ultra  High  Vacuum  (Annealing) 


2— 


i»S42. 


1 


>-^43 


BN  \  Si3N4 

Ultra  High  Vacuum  (Propanol) 


aioH- 

OjOO  ‘ - 

0  10  20  30  40  50  60  7080 


passes 


BN  \  Si3N4 

Ultra  High  Vacuum  (Annealed) 


0  10  20  30  40  50  60  70  80 


5 


'-iCTOJCCeFFCe.T 


Si3N4  /  BN 

Ultra  High  Vacuum  (Propanol) 


0  10  20J)-103}607D80 

pc235»es 


Si3N4  /  BN 

Ultra  High  Vacuum  (iVniiealcd) 

nao  - 

Q70  U 
Offi  - ' 

OM 

a-w 

Olm] 

Q2D 
aio 
000 

0  10  20  3D4050607D80 

I  '\  U 


.L>ca-iB:o  fcactHd 


j>£a-:irx);-;a::«d 


JNCm-'-OO  NOLOM 


APPENDIX  E 


J.-M  Martin,  Th.  Le  Mogne,  H.  Montes,  and  M.N.  Gaidos,  “Tribochcmistry 
of  Alpha  Silicon  Carbide  Under  Oxygen  Partial  Pressure,”  Proc.  5th  Int. 
Congress  on  Tribology,  EUROTRIB  ‘89,  Paper  S2, 5/5,  June  12-15, 1989, 
Helsinki,  Finland 


TRIBOCHEMISTRY  OF  ALPHA  SILICON  CARBIDE  UNDER  OXYGEN 
PARTIAL  PRESSURE 


J.M.  Martin*,  Th.  Le  Mogne*,  H.  Montes*,  M.N.  Gardos** 


Friction  and  wear  of  alpha  silicon  carbide  against 
itself  was  experimentally  investigated  with  a  pin-on- 
flat  machine  installed  in  an  ultra  high  vacuum  (UHV) 
chamber.  The  influence  of  oxygen  partial  pressure  was 
highlighted.  Characterization  of  interface  materials  was 
carried  out  by  surface  analysis  (AES)  and  Energy 
Filtered  Electron  Microscopy  (EFEM).  Friction  under 
vacuum  is  dominated  by  grain  attrition  and  silicon 
carbide  amorphization ,  producing  high  friction  values  (p 
=  0.8).  Friction  under  oxygen  is  controlled  by  silicon 
oxide  formation  and  some  graphitization  of  wear 
products,  which  is  mainly  responsible  for  a  low  friction 
value  (p  <  0.1).  The  data  suggest  that  friction  of 
silicon  carbide  is  tribochemically  controlled  and 
extremely  dependent  on  environmental  reactive  gases. 

1  INTRODUCTION 

The  fundamentals  of  the  surface  chemistry  involved  and  the 
tribological  properties  of  alpha  silicon  carbide  (a-SiC)  are  not  clearly 
understood.  The  friction  properties  depend  strongly  on  the  surface 
chemistry  of  silicon  carbide  and  also  on  the  crystallographic  orientation 
[1]  [2],  The  preferred  crystallographic  slip  direction  is  the  <1120> 
direction.  The  plastic  deformation  can  occur  by  treinslational  slip  in 
that  direction  that  is  along  the  atoms  which  are  closely  packed.  The 
surface  of  a-SiC  is  also  affected  by  temperature  [3].  because  an  increase 
in  temperature  under  vacuum  causes  graphitization  of  the  surface  and 
yields  low  friction  values.  The  role  of  oxygen  in  a-SiC  friction  has  also 
been  studied  [4],  but  as  far  as  tribochemistry  is  concerned,  there  has 
been  no  detailed  analysis  of  the  processes  involved. 

We  have  developed  an  UHV  tribometer  coupled  to  surface  analysis 
techniques.  The  diagreun  of  this  apparatus  is  shown  in  figure  1.  We  have 
conducted  experimental  work  at  room  temperature  in  order  to  emphasize  the 
role  of  tribochemistry  and  therefore  to  minimize  the  role  of  the  static 
interaction  of  the  a  SiC  surface  with  oxygen  prior  to  sliding. 
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Surface  tribochemistry  of  a-SiC  was  analyzed  by  scanning  Auger  Electron 
Spectroscopy  (AES)  ;  high  resolution  analysis  of  third  bodies 
was  carried  out  in  the  Trcuismission  Electron  Microscope  (TEIM). 

In  this  tester  one  can  rotate  a  flat  disc  or  oscillate  a  flat 
plate  against  a  hemispherical  pin,  in  an  ultrahigh  vacuum  (UHV) 
chamber.  A  vacuum  environment  of  10“®  Pa  can  be  achieved.  The  test 
consisted  of  alternately  sliding  the  hemispherical  pin  (R  =  4  mm)  for 
160  passes  {length  of  the  stroke  =  3  i™”)  at  a  sliding  speed  of  0.2  mm/s 
with  a  normal  load  of  2  N  (corresponding  to  a  maucimum  Hertzian  contact 
pressure  of  1  GPa).  Two  friction  tests  are  presented  and  discussed  here 
in  detail.  The  first  experiment  was  carried  out  under  UHV  (10"^  Pa). 
AES  analyses  were  performed  at  the  end  of  this  test,  inside  and  outside 
the  wear  scar.  The  second  experiment  was  carried  out  with  an  oxygen 
partial  pressure  of  50  Pa  ia  the  chamber  with  the  same  specimens  (by 
slightly  turning  the  pin  and  displacing  the  flat  to  generate  a  fresh 
wear  scar).  The  results  can  thus  be  compared. 

2  MATERIAL  AND  SPECIMEN  PREPARATION 


The  flat  was  a  single  crystal  of  a-SiC  (SOHIO)  and  the  pin  was 
polycrystalline  sintered  a-SiC  (HEXOLOY  SA)  containing  mainly  BN  as  a 
sintering  aid.  The  aim  of  the  preparation  was  mainly  to  eliminate 
oxygen  and  free  carbon  species  from  the  surfaces.  After  polishing  with 
diamond  paste,  the  specimens  were  placed  in  the  UHV  chamber  and  both 
pin  and  flat  were  submitted  to  alternate  ionic  etching  and  annealing  to 
obtain  the  silicon-carbon  elemental  composition  before  the  friction 
test  [6].  Annealing  at  a  temperature  over  900  K  is  known  to  graphitize 
the  very  top  of  the  surface  [5]  so  the  annealing  temperature  was  700  K. 

3  RESULTS 

The  evolution  of  friction  coefficients  is  presented  in  figure  2. 
The  SEM  micrograph  of  the  wear  scar  on  the  pin  is  shown  in  figure  4. 
The  main  results  show  : 

-  that  friction  under  UHV  is  high  (f  =  0.8), 

-  that  the  presence  of  50  Pa  oxygen  in  the  chamber  rapidly  leads  to  a 
drastic  decrease  of  the  friction  coefficient  to  values  below  0.1, 

-  that  the  wear  volume  on  the  SIC  pin  is  higher  in  oxygen  than  in 
vacuum, 

-  that  the  worn  surface  is  smoother  under  oxygen  partial  pressure  than 
in  vacuum, 

-  that  under  UHV,  the  SiC  flat  is  severely  damaged  and  fractured  with 
possible  transfers  from  the  pin. 

From  this  first  set  of  data,  it  already  appears  that  the  wear 
regime  under  oxygen  is  tribochemically  controlled. 

Some  AES  spectra  obtained  inside  and  outside  the  wear  scar  at  the 
end  of  the  tests  are  presented  in  figure  3-  It  can  be  stated  : 

-  that  under  50  Pa  oxygen,  silicon  is  preferentially  bound  to  oxygen  in 
the  wear  scar  but  the  carbon  signal  has  disappeared  ;  outside  the 
track,  the  argon  peak  is  always  visible  and  only  slight  oxidation  takes 
place,  in  agreement  with  the  literature  [?]• 

The  examination  of  third  bodies  (as  wear  debris)  were  carried  out 
by  analytical  electron  microscopy  (EFEM)  at  the  end  of  the  test  after 
breaking  vacuum.  Typical  features  are  presented  in  figure  5- 


It  shows  : 


-  that  under  UHV,  wear  debris  is  composed  of  collapsed,  spheroidal 
grains  whose  size  lies  in  the  10  nm-100  nm  range  without  any 
preferential  orientation.  Each  grain  is  composed  of  a  crystalline  core 
surrounded  by  a  complex  shell  and  interface  between  grains.  The  fully 
amorphous  character  of  silicon  carbide  in  this  shell  is  demonstrated  by 
electron  diffraction  and  high  resolution  transmission  electron  imaging, 

-  that  under  50  Pa  oxygen,  bulk  silicon  oxide  is  formed,  no  more 
carbide  is  detected  but  pregraphitic  organization  takes  place  inside 
and  at  the  periphery  of  amorphous  silicon  oxide.  The  fine  structure  of 
the  Is  level  excitation  of  carbon  in  EELS  shows  the  existence  of  a 
short  range  order  in  carbon  plsuies  and  the  high  resolution  image 
{figure  5)  confirms  this  fact.  Surprisingly,  carbon  was  never  detected 
by  AES  analysis  of  the  wear  scar  and  this  is  not  explained. 

4  DISCUSSION 

4.1.  SiC/SiC  friction  under  UHV 

The  high  average  value  of  the  friction  coefficient  (0.8)  is  in 

good  agreement  with  previous  works  reported  in  the  literature.  As  is 

well  known  in  the  case  of  ceramics  such  as  silicon  carbide,  high 

adhesion  is  the  cause  of  fracturing  in  a  Hertzian  contact  ;  moreover, 
the  debris  produced  can  develop  an  abrasive  regime  with  plastic 
deformation. 

From  the  trilKichemical  point  of  view,  the  phenomenon  extends  far 
beyond  simple  fracturing.  The  third  bodies  formed  are  sheared, 

compacted  in  the  interface  and  reduced  to  very  small,  sub-micronic 
grains.  Because  there  are  no  preferential,  low  energy  shear  planes  in 
the  SiC  crystal  structure,  friction-induced  attrition  is  accompanied  by 
amorphization  and  also  by  some  decomposition  of  silicion  carbide  into 
free  carbon  species  ;  a  great  deal  of  energy  is  needed  to  break  the 
strong  covalent  Si-C  bond  (sp^  hybridization).  Our  data  show  that 
friction-modified  silicon  carbide  is  fully  amorphous,  on  the  atomic 
scale  :  at  the  same  time,  free  carbon  itself  does  not  exhibit  long 
range  order.  So  the  interface  material  may  be  described  as  an 
arrangement  of  distorted  [SiC4]  tetrahedra  bound  to  each  other  in  a 
disordered  structure,  and  intercalated  by  carbon  in  a  pre-graphitic 
organization.  It  is  believed  that  friction  energy  is  mainly  dissipated 
in  this  amorphous  structure,  and  that  the  absence  of  a  low  energy  shear 
plane  can  explain  the  high  value  of  the  friction  coefficient. 

4.2.  SiC/SiC  friction  under  oxygen 

Under  these  conditions  (50  Pa  O2),  the  friction  coefficient 
rapidily  falls  to  a  very  low  value  (f  =  O.O8).  The  high  wear  loss  of 
the  pin  indicates  that  corrosive  wear  has  occurred,  and  that  carbon  in 
the  carbide  form  has  disappeared.  The  analyses  showed  that  the 
interface  material  consisted  of  a  mixture  of  silicon  oxide  and 
graphitic  carbon  (sp2  hybridization).  When  heated  to  I5OO  K  under 
vacuum,  the  SiC  surface  graphitizes  by  the  collapse  of  the  carbon 
planes  lying  perpendicular  to  the  c  axis  of  the  crystallographic  unit 
cell  [5] .  Friction  on  this  heat-treated  surface  gives  a  low  friction 
coefficient  [3]  due  to  low  van  der  Waals  energy  interaction  between 
carbon  planes.  It  is  suggested  that  friction  induced  oxidation  of 
silicon  carbide  at  low  temperature  also  leads  to  a  graphitic 
organization  by  a  similar  process,  because  carbon  cannot  escape  as 
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carbon  oxide  in  the  chamber.  Althoug^h  the  presence  of  silicon  oxide 
"rolling  pins"  may  influence  the  friction  process,  the  graphitic 
structure  is  thought  to  be  mainly  responsible  for  the  very  low  friction 
value. 

6  CONCLUSION 

The  tribochemistry  of  alpha  silicon  carbide  was  investigated  with 
a  pin-on-flat  friction  machine  in  an  UHV  chamber  equipped  with  surface 
analysis  techniques.  Special  attention  was  paid  to  the  role  of  oxygen 
partial  pressure  on  the  generation  of  interface  products  and  their  role 
in  friction  and  wear. 

The  main  results  are  : 

-  under  vacuum,  a-SiC  friction  is  dominated  by  the  fracture,  compaction 
and  attrition  of  spheroidal  grains  in  the  interface  region.  No 
preferential  shear  planes  appear  to  form,  but  the  amorphization  of 
silicon  carbide  takes  place  mainly  at  the  edge  of  grains.  Consequently, 
friction  is  high  (f  =  0.8), 

-  under  50  Pa  O2  partial  pressure,  silicon  carbide  quickly  oxidizes  at 
the  interface,  producing  silicon  oxide  and  some  graphitization  of 
residual  carbon  from  the  carbide.  Graphite  having  low  energy  shear 
planes  is  thought  to  be  responsible  for  low  friction  coefficient 
(f  <  0.1). 
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Flg.l  Schematic  representation  of  the  UHV  tribooeter  with  AES/XPS 
analysis . 
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Fig.  2  Evolution  of  the  friction  coefficient  against  number  of 
passages . 

a)  SiC/SiC  under  vacuum  (10"®  Pa), 

b)  SiC/SiC  under  50  Pa  oxygen  partial  pressure 
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Fig.  3  AES  spectra  obtained  on  the  a-SiC  surface,  at  the  end  of  the 
test  under  oxygen  partial  pressure  : 

a)  inside  the  wear  scar. 

b)  outside  the  wear  scar. 


Fig.  4  SEM  micrograph  of  the 
wear  scar  on  the  SiC  pin  : 

a)  under  UHV, 

b)  under  50  Pa  oxygen. 


Fig.  5  High  resolution  TEM 
micrograph  of  wear  debris 
from  the  test  under  oxygen. 
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INTRODUCTION 

On  Tuesday,  24  November  1987,  a  meeting  was  held  at  MRL  (Microscopy 
Research  Laboratories) ,  Inc.  in  North  Branch,  N. J.  to  discuss  plans 
for  the  design  and  construction  of  a  SEN  (Scanning  Electron 
Microscope)  tribotester  to  be  used  at  cryogenic  temperatures.  Present 
at  the  meeting  were  Jack  Alonzo  and  Tom  Hardt  of  MRL,  Mike  Gardos  and 
Jim  Erickson.  (Dr.  Ed  Levin  who  is  the  head  of  the  Asbestos  Analysis 
Division  of  MRL  was  also  present  for  part  of  the  meeting.) 

This  SEM  tribotester  will  be  similar  in  design  to  the  high  temperature 
SEM  tribotester  previously  designed  by  MRL.  This  tribotester  will, 
however,  enable  the  samples  under  test  to  be  cooled  to  at  least  as  low 
as  100°K.  As  in  the  high  temperature  tribotester  the  samples  will  be 
able  to  be  imaged  in  the  SEM  while  being  rubbed  together  under  a  known 
load.  The  resultant  friction  force  is  monitored  as  a  function  of 
temperature  and  also  as  a  function  of  partial  pressures  of  selected 
gases  introduced  into  the  tribotester  substage. 

Jack  Alonzo  and  Tom  Hardt  had  prepared  some  proposed  drawings  and 
sketches  of  their  concepts  for  the  cryogenic  tribotester.  They  had 
also  discovered  some  equipment  that  is  commercially  available  that  can 
be  easily  adapted  for  use  in  this  tester.  As  a  result  of  their 
preparations,  the  meeting  went  smoothly  and  efficiently. 

SAMPLE  HOLDER 

The  basic  difficulty  in  designing  and  building  the  cryogenic  SEM 
tribotester  is  the  design  and  construction  of  a  sample  holder  and 
associated  equipment  for  cooling  the  samples.  Jack  and  Tom  have 
discovered  a  commercially  available  SEM  sample  holder  plus  associated 
equipment  that  is  capable  of  cooling  samples  down  to  -185°C.  This 
equipment  is  a  portion  of  a  CTIOOOA  Cryotrans  System  made  by  Hexland 
Ltd.  of  Oxfordshire,  England.  The  specimen  holder  is  cooled  by 
circulating  cooled  gaseous  nitrogen  through  it.  The  gaseous  nitrogen 
is  circulated  through  a  dewar  filled  with  liquid  nitrogen  which  is 
mounted  outside  of  the  SEM.  Non-outgassing  plastic  tubing  (PTFE) 
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connects  the  dewar  to  the  specimen  holder.  The  temperature  of  the 
holder  is  monitored  by  temperature  sensors  in  the  holder.  Information 
from  the  sensors  is  connected  to  a  rack  mountable  temperature 
controller  which  controls  both  the  flow  of  nitrogen  and  a  heater  in 
the  sample  folder. 

STYLUS  HOLDER 

The  previously  discussed  specimen  holder  will  hold  the  flat  specimen 
in  the  tribotester.  A  spherically-tipped  stylus  is  rubbed  against  the 
flat  specimen  during  the  use  of  the  tribotester.  This  stylus  should 
also  be  cooled  in  the  cryogenic  tribotester.  During  this  meeting  it 
was  concluded  that  this  is  extremely  difficult  to  accomplish  since  the 
stylus  is  held  by  a  loaded  pivoting  beam  similar  to  the  way  a 
phonograph  needle  is  held  against  a  record.  The  load  and  friction 
forces  are  measured  by  orthogonal  transducers  which  are  part  of  the 
beam.  Attempts  to  cool  the  stylus  through  the  use  of  cooled  gaseous 
nitrogen  conducted  through  plastic  tubing  would  introduce  forces  into 
the  beam  that  would  anomalously  alter  the  load  and  friction  forces. 

An  alternate  method  of  using  a  Peltier  cooler  to  cool  the  stylus  was 
discussed.  This  also  was  found  to  be  not  feasible  due  to  the  amount 
of  heat  that  a  Peltier  cooler  generates.  Since  the  whole  apparatus  is 
in  a  vacuum  the  Peltier  cooler  would  best  be  cooled  by  conduction 
through  its  mounting  plate.  This  would  be  too  close  to  the  force 
transducers,  however,  and  would  cause  a  large  error  in  the  load  and 
friction  force  readouts  due  to  thermal  drift.  (A  similar  problem  was 
encountered  in  the  high  temperature  SEM  tribotester  due  to  the  stylus 
heater. ) 

The  solution  that  was  agreed  on  was  to  use  a  stylus  holder  that  has 
good  thermal  capacity  (a  block  of  copper,  for  example)  and  allow  this 
stylus  holder  to  contact  a  separate  cold  block  for  a  period  of  time. 
During  this  period  of  time,  the  stylus  holder  and  stylus  would  be 
cooled  to  the  temperature  of  the  cold  block.  Also,  during  this  period 
of  time  the  stylus  would  not  be  in  contact  with  the  flat.  After  the 
stylus  holder  was  sufficiently  cooled,  the  block  would  be  moved  away, 
allowing  the  stylus  to  again  come  in  contact  with  the  flat.  Wear 
experiments  would  then  continue  until  the  stylus  temperature  got  too 
high  and  again  the  cold  block  would  contact  the  stylus  holder  and  lift 
it  from  the  flat  while  it  is  cooled.  The  cold  block  could  be  cooled 
by  the  gaseous  nitrogen  lines  or  a  Peltier  cooler. 

VARIABLE  LOAD  CAPABILITY 

One  of  the  shortcomings  of  the  high  temperature  SEM  tribotester  was 
the  lack  of  the  capability  to  vary  the  load  force  between  the  stylus 
and  flat  while  the  specimens  were  being  observed  in  the  SEM.  The  load 
could  be  manually  varied  by  adjusting  weights  prior  to  placing  the 
tribotester  into  the  SEM,  but  could  only  be  changed  by  terminating  the 
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experiment  in  progress  and  removing  the  tester  from  the  SEM  to 
manually  readjust  the  load. 

During  the  meeting  it  was  decided  that  the  load  force  could  be  made 
variable  by  placing  the  weight  on  a  jack  screw  and  then  driving  the 
screw  with  a  motor  controlled  external  to  the  SEM.  By  moving  the 
weight  back  and  forth  on  the  shaft,  its  distance  from  the  fulcrum  of 
the  beam  would  be  varied,  thereby  varying  the  effective  load  force. 

A  second  approach  to  providing  a  variable  load  force  will  also  be 
investigated.  It  may  be  possible  to  exert  a  force  on  the  beam  by 
attaching  an  iron  rod  to  the  beam.  This  rod  would  then  be  suspended 
downward  partially  into  a  magnetic  coil.  By  varying  the  current 
through  the  coil  it  would  be  possible  to  vary  the  attractive  force  on 
the  rod  and  therefore  vary  the  load  force  on  the  beam.  It  will  be 
necessary  to  determine  whether  small  displacements  of  the  iron  rod 
will  affect  the  attractive  force  of  the  magnetic  field  on  the  rod.  In 
other  words,  for  a  constant  current  through  the  coil  small 
displacements  of  the  iron  rod  should  result  in  no  changes  on  the  load 
force. 

POTENTIAL  PROBLEMS 

While  many  of  the  potential  problems  for  the  cryogenic  SEM  tribotester 
have  already  been  encountered  and  resolved  in  the  high  temperature  SEM 
tribotester,  two  potential  problems  unique  to  the  cryogenic  tester 
were  recognized  and  discussed.  The  first  potential  problem  is  the 
possibility  of  any  contaminants  in  the  SEM  chamber  tending  to  condense 
on  the  cryogenically  cooled  sample.  The  contaminants  could  result 
either  from  outgassing  of  the  SEM  or  tribotester  materials  or  more 
likely  from  contaminants  present  in  the  gases  introduced  into  the  SEM 
tribotester. 

Several  possible  solutions  to  this  problem  were  proposed.  An 
additional  cold  block  could  be  installed  in  the  tribotester  which 
would  be  cooled  prior  to  cooling  the  sample  under  test.  In  addition, 
the  gases  introduced  into  the  tester  could  be  passed  through  a  cold 
trap  to  condense  any  contaminants  prior  to  introduction  into  the 
tester.  Finally,  it  was  decided  to  simply  observe  the  initial  samples 
during  testing  to  see  if  there  is  any  indication  of  condensation  on 
the  surface  and  implement  corrective  actions  as  necessary. 

The  second  potential  problem  is  the  reduced  conductivity  of  the  sample 
surfaces  at  cryogenic  temperatures.  This  may  result  in  the  surfaces 
charging  excessively  under  the  SEM  electron  beam  resulting  in  the 
inability  to  image  the  surfaces.  The  samples  in  question  are  at  best 
semiconductors  at  room  temperature  and  become  insulators  at  cryogenic 
temperatures.  Some  problems  were  encountered  when  trying  to  image 
similar  samples  in  the  high  temperature  tester  but  the  combination  of 
high  temperatures  and  partial  pressures  dissipated  the  surface  charge 
sufficiently  so  that  images  could  be  obtained. 
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Several  solutions  to  this  problem  were  discussed  which  would  either 
neutralize  or  dissipate  the  accumulated  surface  charge.  Two  of  the 
more  exotic  and  difficult  to  effect  solutions  were  the  use  of  a 
"proton  gun"  or  a  positive  ion  beam  to  neutralize  the  charge.  Another 
possible  solution  might  be  to  use  metal  "brushes"  outside  of  the  area 
being  examined  to  "sweep"  the  charges  from  the  surface  that  was 
previously  bombarded  by  the  electron  beam.  Again,  initial  experiments 
will  be  performed  to  determine  the  severity  of  the  charging  problem 
and  corrective  actions  will  be  taken  as  necessary. 

STATEMENT  OF  WORK 

The  final  action  of  the  meeting  was  to  prepare  a  draft  of  the  SOW  for 
MRL  that  was  agreeable  to  both  MRL  and  the  program,  as  represented  by 
Mike  Gardos. 
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ABSTRACT 

A  novel  apparatus  has  been  developed  to  test  the  sliding  friction  and 
wear  characteristics  of  various  ceramic  and  other  high-temperature 
material  combinations  subjected  to  a  wide  spectrum  of  environmental 
conditions.  It  is  designed  mainly  for  use  in  conjunction  with  ceramic- 
on-ceramic  contact  configurations  in  the  bare  and  solid  lubricated 
modes. 

In  the  friction  tester,  a  cylindrical  rod  specimen  is  rotated  while 
two  stationary  material  samples  (rubshoes)  are  forced  against  the 
rotating  surface  from  opposite  sides  under  a  wide  range  of  loads, 
loading  frequencies,  speeds  and  temperatures. 

The  friction  contact  surfaces  can  be  heated  to  temperatures  ranging 
from  25  deg.  C  (77  deg.  F)  up  to  871  deg.  C  (1600  deg.  F) .  Sliding 
contact  speeds  can  be  varied  from  0.5  to  5  m/sec  (20  to  200  inch/sec). 
The  normal  contact  forces  can  be  adjusted  up  to  200  Newtons  (45  lbs.). 
The  applied  load  can  be  either  a  constant  steady-state  force  or  a 
time-varying,  repetitive  function  (sinusoidal  or  other) ,  with 
frequencies  up  to  50  Hz,  thus  simulating  the  actual  loading  conditions 
found  in  many  types  of  machinery.  Each  stationary  specimen  can  be 
readily  changed  to  permit  tests  with  flat,  concave  or  convex 
cylindrical  and  with  spherical  contact  surfaces.  The  atmosphere 
surrounding  the  contact  area  can  be  purged  either  with  standard  air  or 
an  inert  gas,  such  as  dry  nitrogen,  helium  or  argon. 

The  apparatus  has  instrumentation  to  monitor  the  temperature  near  the 
contact  points,  tangential  and  normal  loads,  rotational  speeds  and 
combined  wear  depth  on  the  stationary  and  rotating  surfaces.  Despite 
its  versatility  and  many  capabilities,  the  tester  is  relatively 
simple,  constructed  with  readily  available  state-of-the-art 
components,  and  is  easily  operated.  Unlike  other  high  temperature 
testers,  it  does  not  require  a  large  furnace,  but  uses  a  compact 
infra-red  quartz  lamp  heater.  To  the  best  of  our  knowledge,  there  is 
no  friction  tester  with  similar  capabilities  available  anywhere  else. 

The  following  report  describes  the  background  leading  to  the 
development  of  the  tester,  its  principles  of  operation,  design  details, 
and  the  results  of  mechanical  and  thermal  breadboard  tests  validating 
the  concept. 
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1.  INTRODUCTION  . 

1.1  Theoretical  Basis. 

The  development  of  the  friction  and  wear  tester  described  in  this 
report  is  part  of  a  long  range  interdisciplinary  program  to  investigate 
the  phenomena  which  occur  between  bare  end  solid  lubricated  ceramic 
surfaces  under  a  wide  variety  of  environmental  conditions.  The  title 
of  this  program  is  "Determination  of  Tribological  Fundamentals". 

Among  the  main  program  objectives  are  determination  of  the  fundamental 
principles  of  friction  and  wear  mechanisms  of  bare  and  solid 
lubricated  ceramics  under  environmental  stresses  and  the  advancement 
of  the  technology  base  to  successfully  design,  build  and  operate  solid 
lubricated  ceramic  machine  components  for  extreme  environments. 

The  research,  conducted  as  part  of  this  program,  includes  a  careful 
investigation  of  the  effects  of  shear  as  well  as  normal  forces  during 
both  rolling  contact,  sliding  friction  contact  and  combinations  of 
both.  Past  studies  have  indicated  (1,2)*  that  the  subsurface  shear 
stresses  predominate  under  oil-lubricated  rolling  contact  conditions. 
Under  pure  sliding  friction  conditions,  the  peak  stresses  occur  prima¬ 
rily  on  the  surface  (3,4). 

In  addition,  extensive  investigations  have  been  conducted  and  are 
still  in  progress  about  the  physical-chemical  behavior  of  ceramic 
surfaces  subjected  to  rolling  contact  fatigue  stresses,  sliding 
friction,  liquid  lubricated  contacts,  solid  lubricants  and  bare 
contacts.  They  examine  changes  in  the  crystalline  structure  and  the 
elastic-plastic  properties,  the  initiation  of  fatigue  cracks  and  their 
propagation  into  fatigue  spalls.  These  investigations  have  been 
already  extensively  documented  in  (5,6,7)  and  will  not  be  repeated 
here. 

The  above  mentioned  advanced  theoretical  analyses  and  scientific 
investigations  require  supplementary  practical  tests  v/ith  appropriate 
machinery.  Unfortunately,  there  are  not  many  devices  available  for 
such  purposes,  and  none  of  them  is  designed  to  siniulate  environn ental 
conditions  and  surface  geometries  anticipated  in  actual  machine 
components,  such  as  ball  bearings,  cams,  gears,  etc.  Therefore,  a 
program  was  started  to  develop  a  series  of  "Tribo-Testers"  to  fill 
this  gap. 


*The  numbers  in  parentheses  designate  the  references  listed  at  the  end 
of  this  report. 
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1.2  Historical  Background. 

The  first  of  these  testers,  designated  "Tribotester  No.l",  is  designed 
to  use  a  cylindrical  rolling  contact  fatigue  (RCF)  rod  to  evaluate 
the  fatigue  life  of  base  materials  and  coatings  under  pure  rolling 
contact  stress  conditions,  simulating  ball  bearings.  This  tester  is 
already  com.mercially  available  (8)  .  It  is  routinely  used  for  the  PCF 
resistance  measurement  of  ceramics,  testing  the  subsurface  integrity 
of  cerardcs  as  high  load  carrying  tribo-materials. 

This  Rolling  Contact  Fatigue  Tester  was  developed  by  IITN  Bower  Corp. 
(formerly  Federal  Mogul) .  Originally,  it  was  designed  for  the  testing 
of  steel  balls  on  a  steel  rod.  However,  it  can  also  be  used  in  con¬ 
junction  with  ceramic  specimens  of  the  same  dimensions  and  geometries 
as  the  ones  of  the  original  steel  specimens. 

Its  principles  and  method  of  operation  are  illustrated  in  Figure  1.1. 
The  RCF  rod  specimen  is  clamped  in  the  collet  of  a  vertically  mounted 
drive  spindle,  with  a  portion  of  the  rod  protruding  above  the  spindle 
nose.  Three  balls  are  forced  against  the  protruding  segment  via  two 
axially  loaded  cones  as  shown  in  the  illustration. 

The  next  in  the  series,  "Tribotester  ^7o.  2A",  has  the  task  of  using  the 
same  RCF  rod  in  conjunction  v/ith  sliding  pads  to  evaluate  friction  and 
wear  of  various  ceramics  under  sliding  friction  conditions  simulating 
phenomena  such  as  ball/race  and  ball/separator  slip  of  high  speed  ball 
bearings,  seals,  cams,  gears,  etc.  It  is  intended  to  test  the 
physical-chemical  integrity  of  tribo-ceramics  on  the  surface. 

As  it  is  in  the  RCF  tester,  the  rod  specimen  is  clair.ped  in  a  vertically 
mounted  spindle  with  a  portion  protruding  above  the  spindle  nose  and 
the  other  material  samples  are  forced  against  it  radially.  But  this  is 
the  point  where  the  similarity  ends. 

While  the  RCF  tester  is  designed  to  operate  only  at  room  ter.pereture 
in  standard  air  and  with  a  constant  steady-state  load,  the  friction 
contact  point  in  the  Tribotester  2A  can  be  heated  to  temperatures  of  up 
to  871  deg.  C  or  higher.  It  can  have  either  a  constant  steady-state  or 
pulsating  load,  operate  under  a  wide  range  of  sliding  speeds  and  also 
has  provisions  for  purging  the  atmosphere  surrounding  the  contact 
points  with  a  variety  of  inert  gases.  These  and  many  other  unique 
features  will  be  described  in  more  detail  in  the  following  sections. 

The  Tribotester  2A  is  designed  to  simulate  the  actual  operating 
conditions  found  in  many  machinery  components  under  a  wide  range  of 
slip  speeds  and  contact  stresses.  Figure  1.2  illustrates  typical 
combinations  of  surface  slip  speeds  and  contact  stresses  found  in  many 
systems  for  present  and  future  needs. 

Although  the  range  covered  in  the  initial  Tribotester  test  program 
does  not  yet  cover  the  entire  spectrum  shown,  the  program  calls  for 
an  expansion  of  the  velocity  and  contact  pressure  ranges  after  the 
results  of  the  first  tests  have  been  reviewed  and  evaluated.  The 
design  of  the  tribotester  is  sufficiently  flexible  to  permit 
future  expansions. 
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Dimensions  of  the  specimen  clamping  fixture  in  the  tester  are  selected 
to  conform  to  the  ones  of  the  RCF  tester,  Tribotester  No.  1,  so  that 
the  same  RCF  rod  specimen  can  be  tested  in  both  testers  to  evaluate 
both  subsurface  and  surface  stress  behavior  in  an  identical  material 
specimen. 

The  third  in  the  series,  "Tribotester  No.  2B",  has  the  same  function 
as  Tribotester  2A,  with  the  added  provision  of  supplying  pov/dered 
solid  lubricants  to  the  friction  contacts  during  the  tests  and  of 
evaluating  their  effects. 

Other  tribotesters  are  planned  for  the  more  distant  future  for  other 
extreme  conditions  such  as  cryogenic  temperatures,  extreme  high  rolling 
speeds  and  examination  of  traction  coefficients  and  slip/roll  ratios. 

This  report  specifically  describes  the  development  program  of  the 
model  designated  as  "Tribotester  2A".  In  addition  to  being  able  to 
readily  accept  the  RCF  rod  used  in  the  already  existing  Tribotester 
No.  1,  it  can  be  converted  to  the  next  model  "Tribotester  2B"  with  a 
minimum  of  redesign  effort. 

The  development  program  of  the  Tribotester  2A  was  started  at  the  end 
of  November  1985.  It  progressed  through  a  careful  process  of 
investigations,  analyses  and  several  design  reviews,  accompanied  by 
breadboard  tests  of  the  critical  design  concepts.  During  this 
process,  the  basic  conceptual  design  evolved  through  changes,  with 
increasing  confidence  in  the  soundness  of  the  design  from  both  the 
reliability  and  cost  effectiveness  points  of  view. 


2.  BASIC  DESIGN  CONCEPT, 

The  operating  principle  of  the  Tribotester  is  illustrated  in  Figure 
2.1.  A  cylindrical  ceramic  rod  specimen  is  rotated,  while  tMO 
stationary  specimen  pads,  also  called  rub  shoe  pads,  are  forced 
against  the  rod  from  opposite  sides.  The  rub  shoe  pads  may  have 
either  flat,  convex  cylindrical,  concave  cylindrical  or  spherical 
contact  surfaces.  Axes  of  convex  cylindrical  surfaces  may  be  either 
parallel  or  perpendicular  to  the  rotating  specimen  axis. 

The  basic  requirements  for  the  capabilities  of  the  apparatus  have 
been  established  as  follows: 

Rotating  Specimen  Temperature  Range:  25  to  870  deg.  C 

(77  to  1600  deg.  F) 

Sliding  Contact  Speeds:  0.5  to  5  meter/sec 

(2  to  200  inch/sec) 

Normal  Contact  Forces:  200  Newtons  max. 

(45  lbs.) 

Contact  forces  may  be  either  steady  state  or  repetitive  pulses 
(sinusoidal  or  other) ,  with  frequencies  up  to  50  Hz. 

Q-1 
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Provisions  have  to  be  made  to  measure  the  normal  and  tangential 
forces  applied  to  each  rub  shoe  pad.  The  ratios  between  the  measured 
tangential  forces  and  the  normal  forces  yield  the  coefficients  of 
friction  for  each  material  and  solid  lubricant  combination. 

Temperatures  are  measured  by  aiming  the  beam  of  an  I.R.  pyrometer 
(temperature  sensor)  at  the  rotating  specimen  surface  near  the  point 
of  sliding  contact  and  by  thermocouple  probes  embedded  in  the  rub  shoe 
pads  in  cavities  near  the  points  of  contact. 

From  the  above  description  of  requirements,  it  is  apparent  that  the 
loading  inechanism  selected  for  the  Tribotester  has  to  perform  several 
conplex  functions.  Among  them  are: 

1)  Application  of  forces  normal  to  the  tangent  line  at  the  point  of 
sliding  contact,  synchronized  for  both  rub  shoe  pads. 

2)  Measurement  of  the  loading  forces. 

3)  Measurement  of  the  tangential  forces. 

4)  Heating  of  the  rotating  rod  specimen. 

5)  Provision  of  sufficient  clearance  from  the  optical  path  from  the 
lens  of  the  I.R.  temperature  sensor  to  the  target  spot  on  the 
surface  of  the  rotating  rod  near  the  contact  point, 

6)  Measurement  of  the  depth  of  wear  scar. 

During  the  preliminary  planning  phase,  many  types  of  Hiechanisms  were 
considered  for  the  above  tasks.  Eventually,  the  choice  was  narrowed 
down  to  three  basic  concepts,  each  using  moment  arms  that  are  pivoted 
about  fulcrums.  Measurement  of  the  normal  and  tangential  forces  is 
accomplished  by  measuring  the  orthogonal  force  components  exerted  on 
each  pivot^point. 

The  three  mechanism  types  which  were  thoroughly  investigated, 
illustrated  in  Figure  2.2,  are  the  following: 

1)  Overhead  tipmept  Arm  Mechanism,  whereby  the  actuating  force  is 
applied  simultaneously  to  the  two  momient  arms  by  a  wedge-and- 
roller  mechanism.  One  or  two  I.R.  temperature  sensors  are 
positioned  on  the  sides, 

2)  In-Line  Moment  Arm  MfiShSPiPID r  where  the  fulcrums  are  located  in 
the  lines  of  tangency  of  the  contact  points  and  I.R.  sensors  are 
positioned  at  an  angle  off  the  normal  force  vectors. 

3) Offset  Moment  i\jm  Mechanism,  where  the  I.R.  sensors  are  posi¬ 
tioned  in  a  line  close  to  the  line  of  tangency  and  the  fulcrums 
are  offset  with  respect  to  that  line. 

After  careful  consideration  of  the  advantages  and  disadvantages  of 
each  of  the  three  basic  mechanisms,  the  in-line  moment  arm  concept  has 
been  selected  for  implementation. 
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The  illustration  in  Fig.  2.3  shows  a  diagram  of  this  concept  with  the 
essential  input  and  output  transducers.  There  are  two  sets  of 
instruments,  one  set  for  each  of  the  two  rub  shoe  pads.  However,  each 
transducer  is  labeled  only  once,  because  of  the  space  limitations  in 
the  sketch. 

The  following  glossary  is  used  in  the  mechanism  analysis: 

F(n)  =  Normal  Force 
F(t)  =  Tangential  Force 
F(a)  =  Actuator  Force 
F{x)  =  X-Axis  Force  Vector 
F(y)  =  y-Axis  Force  Vector 
S  =  Steady-State  Force  Component 
A  =  Alternating  Force  Component 
f  =  Frequency  of  Force  Pulses 
a,  b  =  Moment  Arm  Segment  Length 

In  this  concept,  the  friction  forces  are  measured  with  two  pairs  of 
load  cells  at  right  angles  to  each  other.  Considering  the  pivot  point 
(fulcrum)  as  the  origin  of  a  coordinate  system,  the  tangential  force 
load  cell  is  aligned  along  the  x-axis  and  the  normal  force  load  cell 
along  the  y-axis. 

Since  the  x-axis  is  also  the  line  of  tangency  of  the  rub  shoe  pad,  the 
tangential  force  can  be  read  directly  from  the  load  cell: 

F(t)  »  F(x) 

The  normal  force  on  the  rub  shoe  pad  is  proportional  to  the  force  in 
the  y-axis  load  cell,  as  is  the  actuating  force: 

F(n)  =  F(y)*(a/(a+b))  F(a)  =  F(y) *(b/(a+b) ) 

F(n)  =  F(a)*a/b 

The  coefficient  of  friction  is  then  simply:  F(t)/F(n) 

For  the  initial  tests,  the  normal  force  on  each  rub  shoe  pad  will  be 
selected  as  a  dynamic  function  having  the  general  form: 

F(n)  =  S  +  A  sin(2  'IT  f) 

The  values  of  S  will  be  selected  at  least  1,5  times  the  value  of  A,  so 
that  a  positive  contact  pressure  between  the  rub  shoe  pads  and  the 
rotating  rod  is  present  at  all  times.  The  dynamic  force  components  are 
generated  by  linear  actuators,  where  the  force  is  a  function  of  the 
applied  current.  The  inputs  to  the  two  actuators  are  controlled  so 
that  the  applied  normal  forces  are  always  in  phase,  at  the  same  peak 
value,  and  in  opposite  direction. 

The  actuating  force  F(a),  being  proportional  to  the  normal  force  F(n), 
also  consists  of  a  steady— state  component  and  a  super— imposed  dynamic 
(sinusoidal)  component. 
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It  is  more  economical  to  have  the  steady-state  force  component  supplied 
by  a  spring  with  a  screw  type  tension  adjustment,  with  the  sinusoidal 
force  component  supplied  by  the  moving  coil  actuator  in  superposition, 
than  to  have  the  entire  actuating  force  supplied  by  a  moving  coil 

actuator  alone. 

The  latter  would  require  a  much  larger  and  more  expensive  model  for  the 
actuator  with  considerably  higher  power  consumption  for  a  given  load 
level,  than  the  spring-actuator  combination. 

Measurement  of  the  combined  depth  of  the  wear  scars  on  the  rub  shoe  pad 
and  the  rotating  rod  as  a  function  of  time  can  be  obtained  with  a 

proximity  probe.  This  probe  generates  an  electrical  signal  as  a 

function  of  the  width  of  the  gap  between  two  parallel  polished  metal 
surfaces  by  means  of  eddy  currents.  One  of  these  test  surfaces  is 

mounted  on  the  moment  arm,  while  the  probe  is  fixed  to  the  mounting 
platform. 

At  the  beginning  of  each  wear  test,  after  thermal  expansion  equilibrium 
has  been  achieved,  the  probe  gap  is  set  to  a  controlled  width  with  the 
aid  of  a  feeler  gage.  As  the  test  progresses  with  time,  the  rub  shoe 
pad  contact  surface  will  wear  and  the  moment  arm  at  that  end  will  move 
closer  toward  the  rod.  This  movement  will  cause  a  change  in  the  gap  of 
the  proximity  probe,  giving  a  changed  signal  reading,  which  in  turn  can 
be  translated  into  the  combined  depth  of  the  wear  scars. 

As  already  mentioned  in  the  introduction,  the  dimensions  of  the  rota¬ 
ting  rod  specimen  are  selected  to  make  it  compatible  with  the  already 
existing  Tribotester  No,  1,  the  rolling  contact  fatigue  tester.  The 
dimensions  of  the  rotating  rod  are  9.525  mm  diameter  x  89  mm  length 
(0.3750  inch  x  3i504  inch).  On  each  specimen,  separate  test  tracks  are 
allocated  for  rolling  and  sliding  contact  tests.  The  spacing  of  the 
test  track  allocations  is  illustrated  in  Figure  2.4. 

A  variety  of  tests  cari  be  performed  on  the  same  rod  by  inserting  it 
into  the  clamping  collet,  located  at  the  nose  of  the  drive  spindle,  to 
a  different  depth  for  each  test  (see  illustration  in  Fig.  2.5).  After 
one  half  of  the  rod  has  been  used  up  for  sliding  and  rolling  contact 
tests,  the  rod  is  inverted  and  the  used  portion  is  inserted  into  the 
collet.  Thus  the  other  half  of  the  rod  is  free  for  further  tests. 

The  stationary  pad  specimen  samples  are  designed  so  that  they  can  be 
cut  as  slabs  from  a  previously  fabricated  cylindrical  rod  specimen. 

The  only  exception  is  the  rub  shoe  pad  with  the  spherical  contact 
surface,  which  is  cut  from  a  12.7  mm  (0.5000  inch)  diameter  ball  used 
in  the  Tribotester  No.l,  the  RCF  tester. 

Various  shapes  of  the  rub  shoe  pads  are  illustrated  in  Figure  2.6. 

They  all  can  be  mounted  into  the  same  9.525  mm  (0.3750  inch)  diameter 
recess  of  the  specimen  holding  device  and  are  thus  readily  inter¬ 
changeable. 
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The  principal  ceramic  material  categories  considered  for  investigation 
are  the  following: 

Hot  Pressed  Silicon  Nitride 

Sintered  Silicon  Carbide 

Partially  Stabilized  Zirconia 

Aluminum  Nitride 

Transparent  and  Non-Transparent  Aluminum  Oxide  (Sapphire) . 

After  the  basic  design  concept  had  been  established  at  the  preliminary 
and  intermediate  design  reviews,  the  actual  hardware  design  of  the 
Tribotester  was  started.  This  phase  was  accompanied  by  theoretical 
analysis  and  breadboard  testing  of  critical  design  items. 

As  a  result  of  the  analysis  and  the  tests  conducted  during  the  hardware 
design  phase,  the  initial  concept  which  is  illustrated  in  Figure  2.3 
was  simplified. 

A  multi-axis  load  cell  was  substituted  for  the  two  individual 
orthogonally  mounted  load  cells  at  each  pivot  point.  Although  the 
basic  principle  of  monitoring  the  tangential  and  normal  force  vectors 
acting  on  the  pivot  is  still  the  same,  the  fact  that  both  can  be 
obtained  from  a  single  instrument  permits  substantial  simplification 
of  the  linkage  and  hardware  design. 

Furthermore,  our  thermal  breadboard  tests  established  conclusively  that 
a  single  quartz  lamp  heater  is  adequate  to  heat  the  rotating  rod 
specimen  to  the  desired  temperature,  instead  of  the  two  originally 
contemplated. 

The  theoretical  thermal  analysis  showed  that  during  rotation  of  the  rod 
the  thermal  gradient  around  the  periphery  of  the  contact  path  on  the 
rotating  rod  surface  will  be  negligible,  and  that  it  would  be 
impossible  to  detect  any  temperature  differences.  Therefore,  a  single 
I.R.  temperature  sensor  is  being  used  instead  of  two. 

Thus,  the  cautious  approach  of  preliminary  analysis  and  breadboard 
testing  has  paid  its  way,  resulting  in  the  design  described  on  the 
following  pages. 
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3.  FRICTION  TESTER  DESCRIPTION. 

The  principal  elements  of  the  friction  tester  are  the  loading  mechnism, 
the  heater  assembly,  the  drive  spindle  assembly,  the  mounting  platform 
and  the  portable  stand.  Each  is  being  described  in  more  detail  as 
follows.  Figure  3.1  shows  the  overall  arrangement  of  the  major 
components  in  simplified  form,  with  the  protective  hood  over  the 
heater  removed  for  clarity. 

3.1  Loading  Mechanism. 

The  loading  mechanism  consists  essentially  of  the  moment  arm  which  is 
mounted  on  the  pivot  bearing,  the  linear  force  actuator,  the  tangential 
position  adjustment  with  its  clamping  mechanism,  and  the  rub  shoe 
specimen  holding  device.  The  design  of  these  items  can  be  seen  in 
Figure  3.2  and  3.3. 

The  moment  arm  is  a  19  mm  thick  aluminum  alloy  plate  v;ith  suitable  cut¬ 
outs  for  clearance  of  the  adjacent  components.  A  section  through  the 
pivot  bearing  is  shown  in  the  left  hand  portion  of  Figure  3.3.  The 
portion  of  the  monient  arm  on  the  side  of  the  specimen  holding  device 
has  a  multitude  of  holes  to  facilitate  cooling  of  the  arm  by  natural 
convection  in  order  to  keep  the  pivot  bearings  at  a  reasonably  cool 
temperature. 

The  end  of  the  moment  arm  near  the  rub  shoe  specimen  has  a  tangential 
position  adjusting  mechanism  that  permits  the  alignment  of  the 
specimen  pad  with  respect  to  the  rotating  rod.  This  adjustment  is 
especially  important  for  rub  shoe  pads  with  spherical  or  parallel 
cylindrical  contact  surfaces,  to  compensate  for  thermal  expansion  of 
the  moment  arm  during  the  heating  cycle. 

When  adjusting  the  tangential  position,  the  clamping  screws  ere  first 
loosened.  The  head  of  the  adjusting  screw  is  then  rotated  in  either 
direction  to  the  desired  position  and  the  clamping  screv/s  are  then 
tighened  again  (see  Section  View  B-B  in  Figure  3.2). 

The  rub  shoe  specimen  holding  device  is  best  seen  in  Figure  3.4.  The 
specimen  holder  is  made  of  "Hacor"  (TM) ,  a  machinable  ceramic  material 
with  excellent  heat  insulating  properties.  This  specimen  holder  fits 
into  the  jaws  of  the  speciiiien  clamp  m.ade  of  heat  resistant  stainless 
steel. 

The  rub  shoe  specimen  shown  in  the  illustration  has  a  flat  contact  sur¬ 
face;  however,  any  of  the  variety  of  pads  with  other  types  of  contact 
surfaces  can  be  accommodated  in  the  recess  of  the  specimen  holder.  As 
can  be  seen  from  the  view,  removal  and  replacement  of  the  specimen 
holding  device  and  interchange  of  rub  shoe  pads  are  very  easily 
accomplished. 

The  linear  moving  coil  actuator  at  the  other  end  of  the  m.oment  arm  is 
shown  in  Figure  3.5.  It  can  provide  force  pulses  within  its  specified 
limits  at  shapes  and  frequencies  generated  by  any  function  generator. 
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LINEAR  ACTUATOR 

-MOVING  COIL- 
-SmCo  Magnet- 


LA22-34 


MECHANICAL  DATA 


PERFORMANCE  DATA 


PEAK  FORCE  (Fp)  (INTERMITTENT) 

LBS 

FORCE  CONSTANT  (Kp) 

LBS /AMP 

BACK  EMF  CONSTANT  (Kg) 

VOLTS /FT /SEC 

MOTOR  CONSTANT  (Kj^)  (25’»C) 

LBS/VWATTS 

CURRENT  e  PEAK  FORCE  (Ip) 

AMP 

POWER  AT  PEAK  FORCE  (Pp)(25«C) 

WATTS 

RESISTANCE(25«C) 

OHMS 

ELECT.  TIME  CONSTANT 

MICRO. SEC 

THERMAL  RESISTANCE  OF  COIL 

®C/WATT 

STROKE 

INCH± 

CLEARANCE  EACH  SIDE  OF  COIL 

INCH 

MAX.  ALLOWABLE  COIL  TEMP. 

®C 

WEIGHT  OF  MOVING  COIL 

LBS 

TOTAL  WEIGHT 

LBS 

1 _ WINDING _ J 

D 

15 

15 

.75 

3.0 

0.10 

4.06 

1.09 

1,09 

20.0 

5.0 

188 

188 

.47 

7.52 

2.2 

2.2 

.06 

.06 

.030 

.030 

155 

155 

.07 

.07 

3.0 

3.0 

FIGURE  3.5 
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Although  the  actuator  is  capable  of  responding  to  inputs  of  frequencies 
up  to  500  Hz,  the  initial  test  plan  calls  for  actuation  of  up  to  50  Kz 
only,  A  structural  analysis  of  the  nsoment  arm  indicated  resonances  at 
130  Hz,  and  we  will  attempt  to  remain  below  half  of  that  value. 

After  evaluation  of  initial  test  results,  low  amplitude  frequency 
sweeps  will  be  conducted  to  ascertain  actual  resonances  and ^  safe 
maximum  pulse  frequencies.  Moreover,  experiments  with  square  wave  and 
saw  tooth  pulses  will  be  considered,  too,  after  completion  of 
sinusoidal  pulse  dynamic  tests. 

3.2  Heater  Assembly. 

The  heater  assembly  is  constructed  around  an  infra-red  quartz  lamp 
heater,  manufactured  by  Research,  Inc.  of  Minneapolis,  Minn.  A  copy  of 
the  catalog  information  about  this  heater.  Model  No.  5193-2,  is  shown 
in  Figure  3.6.  It  is  designed  to  concentrate  high  radiant  flux  energy 
along  a  target  line.  A  tungsten-filament  tubular  quartz  lamp  is 
utilized  as  the  emitter,  producing  a  very  high  temperature  (2200  to 
3000  deg.  C)  heat  flux. 

The  heater  housing  contains  built-in  reflecting  surfaces  in  the  shape 
of  an  elliptical  cylinder.  The  axis  of  the  heating  lamp  is  located  at 
one  of  the  focal  lines  of  that  elliptical  cylinder,  thus  directing  all 
the  reflected  rays  to  the  other  focal  line  of  that  ellipse. 

With  the  heater  as  delivered  by  the  manufacturer,  the  reflecting 
surfaces  extend  only  to  a  portion  of  a  complete  elliptical  cylinder,  so 
that  about  65%  of  the  available  radiant  energy  is  captured  by  the 
reflectors.  The  flux  density  along  the  focal  line  thus  obtained  is  100 
watts  per  centimeter  (254  watts  per  inch) . 

The  tribotester  design  provides  for  additional  reflector  surfaces  on 
the  sides,  extending  the  contour  of  the  ellipse  and  directing  an  added 
portion  of  the  radiant  energy  to  the  focal  line.  These  added 
reflectors  are  labeled  "side  baffles"  in  the  illustration  Figure  3.2. 

In  addition,  flat  reflector  surfaces  are  extended  from  the  heater 
housing  to  the  rod  specimen,  thus  gathering  additional  rays  and 
concentrating  them  along  the  center  portion  of  the  rod.  These 
reflectors  are  labeled  "top  baffle"  and  "bottom  baffle"  in  Fig.  3.3.  In 
addition,  the  curved  reflecting  surface  of  the  aperture  plate  behind 
the  rod  specimen  bounces  heating  rays  back  onto  the  specimen. 

Kith  this  arrangement,  most  of  the  radiant  energy  from  the  lamp  is  cap¬ 
tured,  v/ith  a  flux  density  in  the  heated  region  much  higher  than  the 
100  watts  per  centimeter  obtained  without  the  reflector  extensions. 

The  reflecting  aluminum  alloy  surfaces  are  highly  polished  to  a  mirror 
like  finish,  resulting  in  a  reflectivity  of  nearly  95%,  and  also  acting 
as  effective  heat  shields  for  the  adjacent  components.  With  the 
reflector  extensions,  the  length  of  the  heated  region  is  compacted  from 
the  initial  6.6  cm  to  approximately  3.0  cm  along  the  focal  line. 
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Mobk  5193  ~]r— 

ELLIPTICAL- INFRARED 

J-INE  HEATERV^ 

HEAT  FLUX  DENSITY;  Heat  density  radiant  heat  flux  up  to 
406  Watts  per  linear  inch  (based  on  calorimeter  tests)  on  a 
narrovt408-.18")  focal  line  carv  be  generated. 

POWER  RATINGS:  See  table.  Units  may  be  operated  at  up 
to  double  rated  voltage  for  short  duty  cycles,  provided  the 
lamp  envelope  and  reflector  are  not  permitted  to  overheat,  r 
When  operating  Model  5532-2-25  and -38  at  twice  rated  ’ 
voltage,  special  electrical  insulator  considerations  must  be 
made. 

EMITTER  CHARACTERISTICS:  Emitter  is  a  tungsten  fila¬ 
ment  in  argon  atmosphere  enclosed  in  a  %'  (O.D.)  clear 
quartz  tube.  Operates  at  approximately  4,000‘’F  at  rated  and 
5,400°F  at  2x  rated  voltage  with  1.1  and  65  micron  spectral 
energy  peak,  respectively. 

REFLECTOR:  The  reflector  used  to  focus  the  energy  radi- 
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)  RES^RCH  INC 

BOX  24064  MINNEAPOLIS.  MINNESOTA  USA  S5424 

ated  from  the  linear  emitter  filament  is  a  two-dimensional 
ellipse  of  specular  aluminum  with  provisions  for  water  cool¬ 
ing  and  lamp  envelope  cooling. 


MODULAR  CONSTRUCTION:  Line  heater  construction 
consists  of  a  water  cooled  aluminum  backbone  to  which 
aluminum  end  covers  and  reflector  are  attached. 

MOUNTING  PROVISION:  Four  No.  10-24  N.C.  threaded 
holes  are  provided  on  the  main  frame  for  mounting  and  for 
attaching  various  accessories. 

SERVICES:  Power  is  applied  to  lamp  through  W  "NPT  holes 
at  each  end  of  main  frame.  Clean  water  at  70°F  or  less  for 
reflector  cooling  should  be  supplied  to  the  reflector  through 
two  V4"  NPT  ports  provided.  Gas  or  air  for  purging  the  reflec¬ 
tor  cavity  or  for  cooling  lamp  envelope  can  be  introduced 
through  the  %*  port  centered  on  the  main  frame. 


Dimensions 


%NPT 
AM  INLET. 


%NPT 

/WATER  PORT  (2) 
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1  I  O-T"  POWER  INPUT 
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CNo.  10-32  NF 

AMOUNTING  Holes 


%npt 

WATER  PORT  (2) 
($S32-2  ONLY) 
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NOTE;  DIMENSIONS  SHOWN  IN  INCHES 


Specifications 


Model  Number 


A  Overall  Lenqih.  in.  (cm 


B  Chamber  Length.  In.  (cm 


C  Mounting  Hole  Spacing  in 


Weight,  lb.  (k 
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17.75(24.1 
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16.1  (7.3 


5193-301 


42  5(108. 


39.0  (98  8 


39.75(100. 


Rated  Voltage 


Current.  Amos 


Rated  Power.  KW 


Power  at  2x  Rated 
Volts.  KW 


Cooling  Water  Flowr*  GPM 


Heat  Flux  at  Focus. 
Watts/Linear  Inch, 
At  Rated  Voltage 


at  2x  Rated  Voltage _ |  NA'i  NA*»  |  167  406  |  NA*’  NA*’  I  183  373  I  190  Tltr  394  |  1 

NOTES;  •’  Oo  not  exceed  rated  voltage  on  quartzline  lamps.  *»  At  240  volts,  the  1200I3yCL  dissipates  2.6  KW,  produces  312  watts/linear  inch 
_ Flow  at  long  term  steady  state  conditions. 
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The  rotating  rod  specimen  is  mounted  close  to  the  focal  line  of  the 
ellipse,  extending  through  clearance  holes  in  the  top  and  bottom 
baffles,  so  that  only  its  center  portion  is  subjected  to  the  incident 
and  reflected  radiation  from  the  quartz  lamp. 

The  two  stationary  specimen  pads  are  mounted  in  the  specimen  holders 
that  protrude  into  the  heated  cavity  through  cut-outs  in  the  side 
baffles.  They  make  contact  with  the  rotating  rod  in  the  region  of 
maximum  heat  concentration  and  are  also  exposed  to  a  portion  of  the 
incident  and  reflected  rays. 

This  arrangement  is  highly  efficient  to  produce  extremely  high  tempera¬ 
tures  in  a  concentrated  small  space,  without  excessively  heating  the 
surrounding  area,  as  has  been  confirmed  by  successful  breadboard  tests. 

The  walls  of  the  heater  housing  are  cooled  by  a  flow  of  clean  water  as 
recommended  by  the  heater  manufacturer.  In  addition,  a  flow  of  air  or 
gas  for  purging  the  reflector  cavity  and  for  cooling  the  lamp  envelope 
is  introduced  through  a  port  in  the  housing  frame. 

This  flow  of  gas  is  funneled  to  the  specimen  contact  region  vie  the 
reflector  extensions,  to  be  exhausted  through  the  narrow  clearance 
spaces  around  the  rotating  specimen  and  the  specimen  holders.  A 
positive  gas  pressure  is  thereby  constantly  maintained  inside  the 
heated  cavity.  Thus,  it  is  possible  to  examine  the  behavior  of  the 
ceramic  materials  subjected  to  friction  under  a  variety  of  purging  gas 
atmospheres. 

The  opening  in  the  aperture  plate  permits  the  examination  of  the 
surface  temperature  on  the  rotating  specimen  in  the  band  of  the  contact 
region.  The  cone  of  vision  of  the  I.R.  temperature  sensor  is  focused 
to  a  target  spot  of  1,2  to  1.5  inm  at  the  surface  of  the  specimen.  The 
aperture  diameter  in  the  plate  has  a  diameter  of  4.5  mm,  thus  allowing 
sufficient  clearance  for  possible  alignment  errors. 

Experience  from  the  breadboard  tests  has  shown  that  the  air  surrounding 
the  heater  housing  remains  at  relatively  comfortable  temperatures.  The 
wall  of  the  housing  itself  was  measured  at  a  temperature  of  about  100 
deg.  C.  The  two  heater  support  brackets  contain  built-in  cooling  fins 
for  added  heat  dissipation. 

A  protective  sheet  metal  hood  is  mounted  on  top  of  the  heated  region 
during  operation,  to  cover  the  region  above  the  heater,  the  specimen 
holders  and  portions  of  the  moment  arms.  This  hood  is  designed  to 
prevent  accidental  touch  contact  of  the  hot  components  by  the  operator. 


A  viewing  window,  made  of  the  same  material  as  the  one  used  for 
protective  welders'  goggles,  is  placed  in  the  center  above  the  rotating 
rod  specimen  to  permit  visual  observation. 
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3.3  Drive  Spindle  Assembly. 

The  drive  spindle  is  made  by  one  of  the  leading  manufacturers  of 
precision  spindles  in  the  United  States,  Whitnon  Spindle  Division  of 
Farmington,  Conn.  It  is  especially  designed  to  handle  objects 
subjected  to  extremely  high  temperatures. 

This  capability  is  achieved  by  two  special  features: 

1)  Introduction  of  cooling  air  to  the  spindle  interior  to  be  exhausted 
near  the  spindle  nose  and  directed  to  a  set  of  circular  fins. 

2)  Utilization  of  ceramic  inserts  to  impede  the  heat  transfer  path  from 
the  heated  specimen  to  the  spindle  bearings. 

The  design  of  the  spindle  is  illustrated  in  Fig,  3.3  and  Fig.  3.7. 
Cooling  air  is  introduced  to  the  spindle  at  the  bottom  through  a  high 
speed  rotary  junction,  illustrated  in  Fig.  3.8.  This  rotary  junction 
is  attached  to  the  specially  designed  collet  draw  bar  at  the  bottom. 

As  can  be  seen  in  the  illustration  Fig.  3.3,  the  cooling  air  is 
directed  through  a  set  of  passage  holes  in  the  draw  bar  into  the 
annular  clearance  space  between  the  draw  bar  and  the  interior  of  the 
spindle  shaft.  From  there  the  air  is  directed  to  the  exit  holes  inter¬ 
spersed  between  the  set  of  circular  fins  near  the  spindle  nose.  The 
turbulence  created  by  the  air  exiting  through  the  orifices  provides  an 
effective  heat  transfer  through  forced  convection. 

The  section  view  in  Fig.  3.3  also  illustrates  the  use  of  the  ceramic 
inserts,  fabricated  of  "Macor",  a  material  already  mentioned  in 
connection  with  the  stationary  pad  specimen  holders.  The  outer  sleeve 
is  permanently  attached  to  the  spindle  nose  via  shrink  fitting.  This 
sleeve  has  the  collet  seat  accurately  ground  in  place  after  being 
assembled  to  the  spindle. 

The  inner  sleeve  is  actually  a  ceramic  "collet  inside  a  collet",  that 
has  its  bore  finish  machined  while  being  held  in  the  spindle  inside  a 
standard  precision  collet.  Type  5C.  Thus  the  clamping  surface  which 
holds  the  rotating  specimen  has  a  run-out  tolerance  held  to  the  minimum 
possible.  The  clamping  force  is  provided  by  the  precision  steel 
collet.  Thus,  the  ceramic  liners  are  stressed  only  in  compression,  in 
which  they  are  strongest,  and  not  in  tension  or  bending. 

With  this  arrangement,  a  double  layer  of  heat  insulation  is  provided 
between  the  heated  specimen  and  the  spindle  nose.  It  permits  the  upper 
spindle  bearings  to  be  operated  at  reasonably  safe  temperatures  and  at 
the  same  time  prevents  drainage  of  the  heat  from  the  specimen.  The 
effectiveness  of  this  method  od  heat  insulation  has  been  confirmed  by 
actual  breadboard  tests. 
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D  I- ,  s  -  i  i  Super  Hi-Speed  Roiaiing 


OPERATING  DATA 

Max.  Hydraulic  Pressure*  1500  PSI  102  bar 
Max.  Temperature  250*F  121*0  ; 

Max.  Speed*  1 5.000  RPM  1 5.000  RPM 

Recommended  coolant  filtration-5  microns. 
'Operalion  at  maximum  pressura  combined  with  maximum 
speed  should  be  avoided.  If  operating  conditions  are 
marginal,  please  consult  our  angmaering  department 


Coolant  Union 


FOR  SINGLE  PASSAGE  APPLICATIONS 

This  efficient  union  is  specifically  designed  for 
installation  on  super  high-speed  machine  tool  spindles 
which  have  been  tooled  for  gun -drilling  small  holes. 
Virtually  no  friction  is  generated  since  the  seal-face 
rubbing  speed  is  very  low.  Heat  build-up  is  also 
prevented  by  the  precision  mounting  of  the  ball  bearings 
in  accordance  with  high-speed  spindle  practices.  This 
permits  higher  operating  speeds  with  a  minimum  of  heat. 

Seal  face  contjct  with  its  rotating  member  is  improved 
by  accomplishing  the  initial  loading  of  the  seal  through 
the  use  of  three  springs  located  outside  of  the  coolant 
flow.  Thus,  coolant  turbulence  is  greatly  reduced. 
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3.4  Mounting  Platform. 

The  mounting  platform  consists  of  a  stable  optical  breadboard  table  top 
similar  to  one  used  for  experimental  optical  and  mechanical  precision 
assemblies.  It  is  a  honeycomb  panel  with  4.6  mm  thick  stainless  steel 
skins  bonded  to  an  aluminum  honeycomb  core.  The  inherent  advantage  of 
a  honeycomb  panel  over  simple  solid  or  ribbed  plates  is  its  structural 
efficiency  of  the  design  and  highest  possible  rigidity-to-weight  ratio. 

The  drawing  with  the  dimensions  of  the  selected  design  is  illustrated 
in  Fig.  3.9.  It  is  a  standard  model  manufactured  by  Newport 
Corporation  of  Fountain  Valley,  CA,  modified  by  the  addition  of  a 
clearance  hole  for  the  drive  spindle  body. 

Overall  dimensions  are  122  cm  x  91.4  cm  x  11  cm  (48  inch  x  36  inch  x 
4.3  inch).  The  top  skin  contains  an  array  of  mounting  holes  at  one 
inch  center-to-center  spacing  with  1/4-20  threads.  This  feature 
facilitates  the  attachment  of  brackets,  pedestals  and  all  other 
components  of  the  friction  tester.  Furthermore,  the  availability  of 
the  multitude  of  already  threaded  attachment  points  affords  a 
convenient  flexibility  for  checkout  and  dry-runs. 


3.5  Portable  Stand. 

The  Tribotester,  including  all  the  associated  transducers,  controllers 
and  power  supplies,  is  mounted  on  a  movable  equipment  stand.  This 
stand  is  constructed  of  a  heavy  duty  equipment  cart,  modified  by 
cutting  a  clearance  hole  for  the  drive  spindle  housing  in  the  top  shelf 
of  the  cart,  as  illustrated  in  Fig.  3.10.  The  available  working  area 
on  the  top  shelf  measures  91  cm  x  152  cm  approximately  (36  x  60  inch) . 

Host  of  the  top  shelf  area  is  occupied  by  the  precision  mounting 
platform  described  above  and  the  load  cell  readout  displays.  The  plat¬ 
form  is  fastened  to  the  top  shelf  with  the  aid  of  the  "Microlock" 
fastening  devices. 

The  space  below  the  platform  is  used  for  the  mounting  of  the  spindle 
drive  motor,  speed  control,  power  supplies,  coolant  controls,  and  other 
controls  and  indicators.  The  attachment  and  mounting  of  these  items  to 
the  cart  is  accomplished  by  a  combination  of  angle  posts,  foot  plates, 
heavy  duty  shelves  and  shelf  clips,  such  as  the  ones  illustrated  in 
Fig.  3.11.  The  vertical  posts  that  connect  the  top  and  bottom  shelf  of 
the  cart,  are  also  re-inforced  by  sway  braces  for  added  rigidity. 

This  arrangement  permits  maximum  flexibility  for  the  installation  of 
the  components  under  the  mounting  platform  to  suit  the  convenience  of 
the  operator.  It  also  facilitates  change-overs  and  relocation  of  items 
if  such  changes  are  considered  desirable  during  the  start-up  and 
checkout  of  the  Tribotester.  At  the  same  time,  this  arrangement  allows 
convenient  access  for  calibration  and  adjustment  to  all  the  transducers 
and  measurement  devices. 
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ALL  WELDED  CONSTRUCTION 
SHELVES  MADE  OF  #13  GAUGE  StEEL 
FINISHED  IN  GRAY 
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STORAGE  EQUIPMENT  SPECIHCATIONS 


Outstanding  Application  Versatility 

Clip  Shelving  units  offer  the  versatility  of 
interchangeable  components  for  all  open  and 
closed  shelving  units,  the  option  of  assembling 
shelves  with  bolts  and  nuts  (instead  of  clips), 
and  a  choice  of  front  posts.  Of.  course,  “Starter" 
and  "Adder"  models  are  offered  in  most  sizes. 

Specifications 

•  Heights  to  15  ft.  without  splicing 

•  Widths  to  48" 

•  Depths  to  36" 

•  Standard  heights  7’1 "  (85"),  8'1 "  (97") 

•  Vertical  shelf  adjustments  in  1  Va" 
increments 


Shelf  Clips— designed  for  easy  installation  and 
shelf  repositioning.  Clips  are  formed  of  heavy 
gauge  steel  for  maximum  weight  bearing 
capability. 

SHELF  CONSTRUCTION 


Shelves  are  18  gauge,  except  Class  0,  which 
are  20  gauge,  and  all  are  flanged  twice  on  each 
side  and  triple  flanged  front  and  rear.  Top  surface 
of  shelves  punched  on  2"  centers  for  adjust¬ 
ment  of  dividers.  Also  punched  for  label  holders, 
angle  sway  braces,  reinforcing  bars  and  angles 
on  both  front  and  rear  faces. 

Standard  Widths  -  30",  36”,  42",  48" 
Standard  Depths  -  12”,  15”,  18”,  24”, 
30",  36" 


Post  Designs— all  three  post  designs  are  roll 
formed  of  heavy  gauge  steel  and  are  applicable  to 
all  storage  unit  arrangements  except  as  noted. 
Shelving  posts  are  also  adaptable  to  mezzanine 
applications. 


SHELF  CLASSIFICATION 
AND  LOAD 
CAPACITIES 


Angle  Posts— the  most  economical  design 

offering  the  greatest  flexibility  because 
of  tne  stiffening  offset  rib.  Angle  posts 
are  formed  of  heavy  gauge  steel,  and 
are  always  used  as  rear  posts  when 
other  posts  are  used.  Four  angle  posts 
make  up  each  unit,  reducing  shelf 
accessibility  by  2  inches. 

Delta  Posts— offer  versatility  as  front  shelving 

posts  or  common  posts  between  multi¬ 
ple  units,  since  they  are  designed  for 
shelf  adjustments  on  both  sides.  Formed 
of  14  gauge  steel,  they  are  engineered 
for  unobstructed  shelf  access. 


Class  0  -  20  gauge:  for  light 
loads,  no  reinforcements 

Class  1  - 18  gauge:  for  nor¬ 
mal  loads,  no  reinforcements 


Class  1A  - 18  gauge: 
1''x1"x%"  angle  in  front 
flange  for  medium  loads 


Class  2A  - 18  gauge: 

1’’  X 1”  X  >4”  angles  m  front 
and  rear  flanges  tor  heavy  loads 


FIGURE  3.11 
(?-a»3 
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4.  INSTRUMENTATION. 

The  principal  measuring  instrumentation  consists  of  the  latest  state- 
of-the  art  components  with  proven  reliability  and  extremely  low  risk 
factors.  Following  are  the  descriptions  and  excerpts  from  vendors' 
catalog  information  bulletins  for  these  devices. 

4.1  Force  Measurements. 

The  force  measurements  are  accomplished  with  the  aid  of  a  multi-axis 
load  cell  manufactured  by  Advanced  Mechanical  Technology,  Inc.,  of 
Newton,  Mass.  This  load  cell  combines  the  functions  of  the  x-axis  and 
y-axis  load  cells  illustrated  in  Fig.  2.3,  and  is  also  capable  of 
providing  additional  load  indications  in  the  z-axis,  plus  the  moments 
about  the  three  mutually  perpendicular  axes. 

A  brief  description  of  the  capabilities  of  such  load  cells  and  a 
diagram  of  the  six  output  parameters  is  shown  in  the  excerpt  from  the 
User's  Manual  reproduced  in  Fig.  4.1. 

Each  load  cell  can  be  fabricated  for  six  separate  output  channels,  as 
indicated  in  the  diagram;  Force  output  channels  F(x),  F(y),  and  F(z), 
and  moment  output  channels  M(x) ,  M(y) ,  and  M(z).  The  signal  from  each 
channel  is  fed  through  a  common  cable  to  the  six-channel  amplifier. 

In  the  tribotester  application,  only  three  channels  are  utilized  in 
each  load  cell;  F(x) ,  F(y),  and  M(y) .  The  moment  reading  about  the  Y- 
axis  will  be  utilized  to  check  the  balance  about  the  pivot  point,  which 
ideally  should  also  be  the  center  of  gravity  of  the  moment  arm  configu¬ 
ration.  The  counter  weight  shown  in  Fig.  3.2  can  be  shifted  in  the  X- 
direction.  At  the  start  of  each  test  series,  the  position  of  the 
counter  weight  will  be  adjusted  until  the  reading  for  M(y)  is  close  to 
zero. 

Since  only"  three  channels  are  utilized  in  each  load  cell,  one  six- 
channel  amplifier  can  be  used  for  both  of  them. 

During  the  hardware  design  phase,  breadboard  tests  with  a  load  cell 
model  similar  to  the  purchased  model  have  been  conducted.  It  was  found 
that  the  single  load  cell  can  indicate  simultaneously  the  X-axis  and  Y- 
axis  force  vectors  with  close  correlation  to  the  outputs  of  single  axis 
load  cells  in  the  steady-state  mode.  For  the  dynamic  component,  a 
calibration  factor  has  to  be  applied  to  indicate  the  total  load  value. 


4.2  Wear  Measurements. 

The  measurement  of  the  depth  of  the  combined  wear  scar  as  a  function  of 
time  is  accomplished  with  the  aid  of  a  non-contact  type  probes  that 
generate  an  electric  signal  produced  by  eddy-currents  as  a  function  of 
the  width  of  the  gap  between  two  parallel  metallic  surfaces. 

The  probes  selected  for  this  application  are  manufactured  by  Bently 
Nevada  of  Minden,  Nev.  Copies  of  the  pertinent  catalog  sheets 
with  performance  specifications  are  reproduced  in  Fig.  4.2a  and  4.2b. 
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7200  Series  5mm  and  8mm 
Proximity  Transducer  Systems 


Bcntly  Nevada’s  7200  5mm  Proximity  Transducar  Systam  maasuras  static  and  dynande  tfstancas 
twtwaan  a  praba  and  ttw  obsanad  target 


The  SfTim  and  Brnm  Proximity  Transducer  Systems  are  norv 
contacting,  gap-to-voltage  transducer  systems  that  measure 
static  as  well  as  dynamic  distances  between  a  probe  and  the 
observed  target.  They  are  designed  for  use  with  a  variety  of 
rotating  machinery,  such  as  gas  and  steam  turbines,  com¬ 
pressors,  and  generators.  They  of  fer  80  mils  of  linear  measuririg 
range  and  are  compatible  with  API  670  type  installations. 

The  systems  consist  of  a  probe  with  probe  lead,  extyislorr 
cable,  and  Proximitor*.  They  are  compatible  with  the  7200, 9000 
Series,  and  the  Smart  Monitor*  systems. 

Eleven  probe  configurations  are  available  to  accommodate 
English  and  metric  requirements.  Standard  Smm  and  8mm 
probes  are  constructed  of  fiberglass.  The  Smm  probes  are 
optionally  available  In  Ryton*,  which  provides  additional  envi¬ 
ronmental  arxl  mechat\ical  pr^ection  for  harsh  environments. 


For  both  probes,  the  actual  diameter  of  the  probe  coil  is  Smm 
with  the  same  electifeal  properties  for  all  configuratiorts. 

Four  extertslon  cables  are  available  with  or  without  armor  and 
are  designed  to  achieve  a  system  length  of  either  SX)  of  9.0 
meters. 

The  Proximitor  produces  a  radio  frequency  signal,  which  is  radi¬ 
ated  through  the  probe  tip  into  the  observed  surface.  Eddy  cur¬ 
rants  are  generated  in  the  surface,  and  the  loss  of  strength  in  the 
return  signal  Is  detected  by  the  Proximitar,  which  corKlitiora  the 
signal  for  lirvear  display  on  a  mortitor. 

The  Proximitor  sigrwl  output  and  power  source  input  are  trans¬ 
mitted  to  the  Proximitor  through  a  8cotKluctor  sig^  cable.  The 
Proximitor  can  be  placed  up  to  f  ,000  feet  (torn  standard  Ssntfy 
Nevada  rrxmitors  without  degradation  of  performance. 

iv*  rayiwrap  WBWiMnipi  vMniicv 
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System  Specifications 


Specifications  were  determined  with  -  24  Vdc  power  supply,  10,000 
ohm  load,  and  an  AISI 4140  steel  target  at  22*C  (72*F). 


INPUT 


Power 

-  IS  Vdc  to  -  24  Vdc  at  13  mA  maxImurrL 

OUTPUT 

Calibrated  Range:  60  mils  (2.0mrr4.  Begins  at  approximately  10 
mils  (0.2Smm)  from  probe  face. 

Seale  Factor 

200  mVfmll,  ±4%,  over  SO  mil  range.  If 
calibrated  as  a  system.  Within  ±9.5%  when 
Interchangeability  errors  are  included. 

Unearity: 

Within  0.6  mils  (0.02mm)  of  200  mV/mil 
straight  line  If  Proximitor  is  calibrated  for  spe¬ 
cific  probe  and  cable  Within  23  mils  (0.06nim) 
of  200  mVfmll  straight  line  with  Interchange¬ 
ability  errors  included. 

rraquanqf 

Response 

0  to  600,000  rpm;  -5%  at  600,000  rpm. 

Temperature 

Sensitivity: 

Typically  -3*/.  change  In  scale  factor  at 
65  ‘C  (150  ‘F)  at  50  mils  {127mm). 

ENVIRONMENTAL 

Temperature 

Range: 

Operatin^p  Proximitor  options  -03  and  -04:  -S1*Cto 
+  100*C(-60‘F  to  +212*F). 

Probe  and  Cable:  -34*Cto  +177*C(-30*F 
to  +350*F). 

Note:  Smm  Base  Resistant  probes  and  Ryton 

probes,  catalog  numbers 43061 R  and  430a4R, 
are  rated  to  121  *0  maximum  (250  *F). 

Relative  Humidity:  To  95%  noncondensing. 

Corrosion  Probe  function  is  not  affected  by  direct  con- 

Resistance*:  tact  to  the  following: 

Air,  water,  iube  oil,  ammonium  hydroxide,  sul¬ 
furic  acid  (10%),  Oimethylethylkeytone,  and 
Dimethylformamide. 

5mm  Proximitor 


7200  Smm  SYSTEM  (PROBE.  PROXIMITOR,  AND 
9  METERS  OF  CABLE)  AT  TEMPERATURE 


iso*r  (ss*a 
J1J*f  t100"CI 


GA.  Imibl  0  10  20  30  40  SO  SO  70  SO  SO  100 


CAOrnnl  0.00  O.SO  1.00  1.S0  2.00  2.S0 


System  Weight  12  lbs.  (.54  kg). 
Dimensloiis:  See  pages  2, 3  and  4. 

*For  Ryton  probes  only. 


Dimensions 


Dknentkmt  in  psrtntheMt  are  in  mWimatara. 


Ordering  Information 
Proximitor 

18745- m 

CD  Option  Description 

03  For  combined  probe  and  extension  cable  electrical  length  of  5 
meters  (16.4  feet) 

04  For  combined  probe  and  extension  cable  electrical  length  of  9 
meters  (29.5  feet) 

The  7200  5mm  and  6mm  transducer  system  must  use  only  Smm  and 
Smm  components  —  probe.  Proximitor,  and  extension  cable. 


FIGURE  4.2  b 
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The  application  of  such  probes  is  illustrated  in  Fig.  3.2 »  showing  two 
proximity  probes  mounted  at  right  angles  to  each  other  next  to  the 
specimen  holding  device.  These  two  probes  are  not  operated  at  the  same 
time,  actually  performing  to  distinct  functions. 

One  probe,  the  one  mounted  parallel  to  the  tangential  load  in  the  x- 
direction,  is  used  during  the  warm-up  stage  to  compensate  for  thermal 
expansion  of  the  moment  arm  while  the  specimen  is  heated  to  the  maximum 
test  temperature. 

The  reading  for  the  width  of  the  gap  between  the  specimen  clamp  and  the 
probe  is  taken  at  the  beginning,  before  heating  the  specimen.  As  the 
moment  arm  expands  during  warm-up,  the  gap  narrows,  resulting  in  a 
changed  reading.  The  tangential  adjustment  is  then  performed  as 
described  in  Section  3.1,  until  the  same  reading  as  the  one  obtained  at 
the  beginning  is  achieved. 

After  thermal  stabilization  has  been  achieved,  the  amplifier  is 
switched  from  the  tangential  probe  to  the  one  in  line  with  the  normal 
load  in  the  Y-axis.  Because  of  the  danger  of  cross-talk  and  erroneous 
readings,  the  two  probes  cannot  be  operated  simultaneously. 

As  the  test  proceeds  and  wear  scars  are  created  in  both  the  rotating 
and  the  stationary  specimen,  the  constant  spring  pressure  pushes  the 
specimen  clamp  toward  the  rod,  thus  widening  the  gap.  The  change  in 
the  gap  width  corresponds  to  the  depth  of  the  combined  wear  scars  and 
can  be  determined  from  the  signal  generated  by  the  probe. 


4.3  Speed  Measurement. 

The  rotary  speed  of  the  drive  spindle  is  measured  with  the  aid  of  a 
photo-diode _ connected  to  simple  circuitry,  as  described  below. 

The  photo-diode  is  positioned  near  the  rotating  surface  at  the  bottom 
of  the  spindle,  which  has  a  stripe  with  sharp  contrast  in  brightness 
compared  to  the  rest  of  the  surface.  The  photo-diode  detects  the 
contrast  in  the  reflecting  surface  once  every  revolution. 

The  established  threshold  of  brightness  activates  a  Schmidt-Trigger 
inverter  which  generates  a  cleaner  wave  form  approximating  a  square 
wave.  This  square  wave  is  channeled  to  a  frequency  counter  which  reads 
the  output  directly  as  Hertz  or,  with  a  suitable  multiplying  factor,  as 
RPM. 

The  above  described  circuitry  is  already  a  well  known  state-of-the-art 
technology  which  can  be  implemented  with  inexpensive  components. 
Therefore  it  is  not  necessary  to  elaborate  here  in  further  details. 

4.4  Temperature  Measurements. 

Temperature  measurements  are  twofold:  For  the  stationary  pad  specimen 
with  the  aid  of  thermocouples,  and  for  the  rotating  rod  specimen 
surface  with  the  aid  of  a  non-contacting  I.R.  pyrometer. 
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The  method  of  placing  the  thermocouple  probes  into  the  stationary  pad 
cavity  is  illustrated  in  Fig.  3.4  described  in  the  earlier  Section  3.1. 
The  cavities  are  carefully  drilled  into  the  pads  as  close  as  possible 
to  the  contact  surface  as  shown  in  the  pictures  in  Fig.  2.6.  Thus,  the 
temperatures  indicated  by  the  thermocouple  probes  placed  at  the  bottom 
of  these  cavities  will  come  close  to  the  ones  at  the  contact  point. 

Infrared  Radiation  Pyrometers  are  widely  used  in  industry  for  non- 
contact  type  temperature  measurements  at  extremely  high  temperatures, 
such  as  required  in  steel  mills  or  glass  blowing  facilities. 

An  I.R.  temperature  sensor  is  a  precision  electro-optical  instrument 
that  senses  infrared  radiation  energy  from  a  target  surface  at  a 
distance  and  converts  it  into  a  continuous  electrical  signal 
proportional  to  the  target  temperature.  The  signal  is  coupled  through 
the  signal  cable  to  a  signal  processor,  where  it  can  be  converted  into 
digital  or  analog  form  as  input  to  a  recorder/ indicator ,  to  a  computer 
or  to  a  process  controller. 

Proper  application  and  installation  of  the  I.R.  sensor  is  extremely 
important.  Even  the  best  instrument  may  give  inaccurate  information  if 
not  used  correctly,  or  if  the  principles  of  infrared  temperature 
measurement  are  not  taken  into  consideration. 

One  important  consideration  is  the  emissivity  of  the  target  surface. 
The  targets  we  deal  with  in  practice  are  usually  non-blackbodies  with 
surface  emissivitiy  values  of  less  than  1.0.  Therefore,  the  emissivity 
control  factor  on  the  instrument  has  to  be  adjusted  to  compensate  for 
the  difference  between  the  target  and  an  ideal  blackbody  radiator. 
This  can  be  accomplished  by  calibration  with  ceramic  samples  at  known 
controlled  temperatures. 

Another  significant  factor  that  could  contribute  to  erroneous  readings 
is  stray  background  radiation.  The  sensor  is  sensitive  to  radiation  in 
an  area  indicated  by  the  I.R.  Optics  cone,  also  called  "Cone  of  Vision" 
(see  Fig.  4.3).  It  measures  the  temperature  of  objects  inside  but  not 
outside  the  cone.  The  diameter  of  the  cone  at  any  point  determines  the 
area  of  measurement  (spot  size)  at  any  point. 

Since  the  radiant  energy  being  measured  should  be  from  the  target  only, 
no  foreign  objects  should  interfere  with  the  path  of  the  cone. 
Furthermore,  the  cone  should  be  centered  on  the  target  to  make  sure 
that  the  spot  size  at  the  target  surface  is  smaller  than  the  minimum 
width  of  the  target,  preferrably  1/2  or  less.  Otherwise,  the  sensor 
would  see  around  the  target  into  the  background.  Therefore,  the 
diameter  of  the  cone  of  vision  at  the  passage  through  the  aperture 
plate  (see  Fig.  3.2)  should  be  smaller  than  the  opening  in  the  plate. 

From  the  above  discussion,  it  is  obvious  that  selection  of  the 
pyrometer  model  and  its  placement  requires  utmost  care.  Five  well  known 
manufacturers  of  I.R.  temperature  sensors  have  been  investigated  and  a 
leading  expert  in  the  field  of  I.R.  pyrometry  has  been  consulted.  The 
basic  requirements  for  the  pyrometer  manufacturer  and  model  were  first 
established  as  follows: 
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Target  Material:  Ceramic  test  rods#  0.375  inch  diameter  in  a  variety 

of  materials  with  an  estimated  emissivity  range  from  0.6  to  0.95. 

Expected  Measurement  Range:  260  to  870  deg.  C  (500  to  1600  deg.  F) 

Accuracy  Required:  -i-  or  -  1.0%  of  reading. 

Repeatability:  +  or  -  0.5%  of  reading. 

Spot  Size  and  Working  Distance:  The  target  is  viewed  through  an 

aperture  of  4.5  mm  diameter.  Considering  aiming  inaccuracies  and 
the  field-of-view  spread  of  most  commercial  instruments#  the 
selection  of  a  1.2  mm  target  spot  size  is  appropriate.  The 
working  distance  should  be  from  100  mm  to  200  mm  for  convenience 
(4  to  8  inches) . 

Response  Time:  0.1  seconds  or  faster. 

Pyrometer  Sensing  Head  Requirements:  The  sensor  should  be  as  small  as 

possible  for  versatility.  Aiming  is  critical  and  should  be  as 
reliable  and  convenient  as  possible. 

Spectral  Region  of  Operation:  The  Instrument  should  operate  far  enough 
into  the  infrared  region  so  that  measurements  are  not  affected  by 
visible  light  and  by  energy  from  the  line  heater  that  is  used  to 
heat  the  tested  rod  specimen.  The  heater  radiance  is  peaked  at 
0.85  microns  and  1.1  microns.  A  reasonable  safe  selection  for 
the  pyrometer  is  an  operating  region  of  3.5  microns  or  larger. 

The  five  manufacturers#  whose  proposals  were  solicited  for  the 
application#  are  the  following: 

Ircon#  Inc.#_of  Niles#  Illinois# 

Land  Instruments#  of  Tullytown# Pennsylvania# 

Vanzetti  Systems#  of  Stoughton#  Massachussets# 

Williamson#  of  Concord#  Massachussets 

Wahl  Instruments#  of  Culver  City#  California. 

All  of  the  above  manufacturers  have  a  high  reputation  in  the  field  and 
are  known  to  produce  quality  instruments. 

After  a  careful  consideration  of  all  the  proposals  submitted  and  review 
of  the  above  requirements#  the  Consultant#  Honeyhill  Technical  Co.  of 
Norwalk#  Connecticut#  recommended  a  model  produced  by  Vanzetti  Systems# 
though  not  the  model  No.  originally  recommended  by  the  company's 
representative.  The  illustration  in  Fig.  4.4  shows  a  picture  of  the 
sensing  head  of  the  recommended  model.  It  has  a  target  spot  size  of 
1.25  mm  at  a  target  distance  of  100  mm#  it  operates  in  the  4.5  micron 
region#  has  a  convenient  aiming  method  and#  coincidentally#  is  also 
very  reasonably  priced. 
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5.  SUMMARY  AND  CONCLUSIONS. 

The  description  of  the  friction  tester,  designated  TRIBOTESTER  2A, 
gives  an  insight  to  the  detailed  design  and  construction  of  the 
apparatus  and  its  functions. 

It  has  been  shown  that  by  using  reliable  state-of-the-art  components 
and  combining  them  in  a  novel  fashion,  it  is  possible  to  construct  an 
apparatus  that  is  capable  of  performing  a  variety  of  functions  that  up 
to  now  required  several  more  cumbersome  pieces  of  equipment. 

This  feat  has  been  achieved  by  a  cautious  approach  with  attention  to 
details,  by  performing  essential  analysis  and  breadboard  tests,  and  by 
a  series  of  design  reviews,  taking  advantage  of  the  experience  of 
mechanical  engineers  and  tribolgy  experts. 

The  device  is  capable  of  performing  the  functions  originally  assigned 
to  it.  It  also  has  the  capability  of  performing  at  higher  limits  of 
speeds,  actuating  frequencies  and  temperatures,  when  the  initial  test 
series  has  been  completed  and  a  gradual  venture  into  higher  lim.its  is 
indicated  by  the  test  results. 
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A  finite  element  structural  analysis  was  performed  on  the  TriPo- 
testor  loading  mechanism  to  determine  the  frequencies  and  mode  shapes  of 
primary  structural  resonances,  in  particular  those  that  might  interfere 
with  the  proper  functioning  of  the  device.  The  analysis  was  performed 
using  the  M5C/PAL  computer  program  for  the  IBM  PC  which  uses  finite 
element  techniques  to  predict  the  normal  modes  of  the  structure  based  on 
the  mechanical  parameters  and  the  geometry  specified  by  the  operator. 
The  program  recognizes  beam  and  plate  elements,  lumped  stiffnesses  and 
masses,  and  rigid  connections. 

A  counterweight  is  required  to  statically  balance  the  loading 
mechanism  about  the  load  cell  Z  axis  since  imbalance  could  result  in  load 
measurement  errors  under  dynamic  conditions.  Therefore,  a  GEO'iOD  model 
was  made  to  determine  the  loading  mechanism  miass  properties  and  center 
of  mass  location.  Plots  of  this  model  are  shown  in  Figures  1  and  2  A 
brass  counterweight  3  00  x  1  00  x  0  75  inches  was  selected  which  when 
located  as  shown  will  balance  the  assembly  The  total  weionr  of  the 


components  on  the  duplex  pair  bearings  will  be  approximately  6.4  pounds. 
This  counterweight  information  was  used  in  conjunction  with  the 
structural  analysis. 

The  undeformed  geometry  of  the  MSC/PAL  model  is  shown  in  Figures  3 
and  4  with  node  numbers.  Thin  dashed  lines  represent  rigid 

interconnections.  Nodes  4,  7,  and  15  are  virtually  coincident  and  therefore 
the  label  for  node  15  obscures  the  other  two.  Nodes  5  and  6  are  also 
virtually  coincident  and  therefore  the  label  for  node  6  obscures  the  other. 
Nodes  5  and  6  are  interconnected  by  a  lumped  stiffness  element 
representing  the  ball  bearing  stiffness  parameters.  Nodes  7  and  15  are 
interconnected  by  a  lumped  stiffness  element  representing  the  load  cell 
stiffness  parameters. 

The  shape  of  the  first  structural  mode  (61  Hz)  is  shown  in  Figure  5 
This  deformation  pattern  is  primarily  rotation  of  the  assemby  about  the  X 
axis  of  the  ball  bearings.  Since  there  is  no  driving  function  for  this  mode 
in  the  operation  of  the  Tribotestor,  this  resonant  frequency  should  not 
present  any  detrimental  effects. 

The  second  structural  mode  shape  ( 1 39  Hz)  is  shown  in  Figure  6.  This 
mode  has  substantial  bending  deformation  in  the  X-Y  plane  which  can  be 
excited  by  the  sinusoidally  varying  input  force  of  the  electromagnetic 
actuator  Therefore,  actuator  input  frequencies  near  this  resonance  should 
be  avoided  to  ensure  data  integrity  in  the  experiment  But  this  mode 
should  not  prevent  the  operation  of  the  device  up  to  50  Hz 

A  simple  test  was  also  performed  on  a  breadboard  Tribotestor  in 
which  an  electromagnetic  actuator  was  driven  by  a  signal  generator  and 
power  amplifier  and  scanned  from  0  Hz  to  200  Hz  to  find  structural 


H-Z 


resonances  which  are  excited  by  this  forcing  function.  The  purpose  of  this 
IDC  is  not  to  report  on  that  breadboard  test  but  the  results  did  confirm  the 
presence  of  a  resonance  between  140  Hz  and  145  Hz,  and  no  resonances 
below  this  frequency  were  found.  This  test  supports  the  conclusions  of 
the  analysis 

Copies  of  the  load  cell  paramete^rs,  bearing  stiffness  values,  and 
ceramic  material  specifications  are  attached  for  reference  along  with  the 
MSC/PAL  program  input  and  output  data. 


PiTjtxa  Z.  4ap  v;(2S>0 
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TITLE  -  TRIBOTESTBR  #3^ 


NOD 

1  POI 

LOC 

1 

1.40 

-10.0 

0.00 

2 

0.00 

-8.20 

0.00 

3 

0.00 

-5.38 

0.00 

4 

0 . 00 

0.00 

0.00 

5 

0.  00 

0.00 

2.00 

6 

0 . 00 

0.00 

2.03 

7 

0 . 00 

0.00 

-0.  03 

8  - 

■3.10 

3.  10 

0.00 

.9 

3.  10 

5.70 

0.  00 

10 

3.10 

8.  10 

0.00 

11 

2 . 00 

8.30 

0.00 

12 

1 . 40 

9.20 

0 . 00 

13 

0.  90 

10.  00 

0.00 

14 

0 . 00 

10.00 

0.00 

15 

0 . 00 

0.00 

-0.06 

MAT  10.0E6  4.3E6  2.6E-4 

BEAM  TYP  2  0.75  0.75  0.75  0.75 

ATTACH  AT  1.40  -10.00  0.00  AND  1.40  -8.20  0.00 
CONNECT  1  TO  2 

BEAM  TYP  1  0.69  O. IS  0.06  1.13 

CONNECT  2  TO  3 

ATTACH  AT  0.00  -5.38  0.00  AND  0.00  -2.50  0.00 

CONNECT  3  TO  4 

BEAM  TYP  3  5.63  4.50 

CONrJECT  4  TO  5 

BEAM  TYP  2  3.00  0.75  1.50  0.75 

ATTACH  AT  -1.95  1.95  0.00  AND  -3.10  3.10  0.00 

CONNECT  4  TO  8 

MAT  3.0E7  0  0.73E-3  0.3 

BEAM  TYP  2  1.00  0.75  1.00  0.75 

ATTACH  AT  3.10  2.60  0.00  AND  3.10  5.70  0.00 
CONNECT  4  TO  9 
CONNECT  9  TO  10 
CONNECT  10  TO  11 

MATERIAL  9.3E6  0  -2.4E-4  0.25 

BEAM  TYP  2  1 . 00  1 . 00  1 . 00  1 . 00 

CONNECT  11  TO  12 
CONNECT  12  TO  13 

BEAM  TYP  2  1.00  1.00  0.30  1.00 

CONNECT  13  TO  14 


MATERIAL 

10.0E3  0  1. 

OE-6  O 

■T 

BEAM  TVR  3 

5,0  4.75 

COMNECT  6 

TO  7 

CTir-r  ELE 

2.3E5  8. 1E5 

8.  IE5 

1.0  2.4E3  2.4E5 

CONN'  cr  5 

TO  6 

iiTirr  HL.c 

4.5E5 

3.  0E4 

5.0.54  5.0C4  5.0E4 

CONhltj  -.  r  7 

TO  15 

MAfi:  !  0. 

0013  1.1.001 

0.  Of  1 

‘•.001  -l.O  -10.0 

MASK  0. 

0001  0.0001 

0 . 000 1 

0 . OOO 1 

"EFiO 

ALL  OK  1-5 
X  TRnrJS  or  14 
ELIMINATE 
Z  ROT  or  ALL 

END  DCr 
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MODE  NO.  1  AT  6. 11788E+01  CPS  (  3.84398E+02  RAD/SEC> 


NODE  X  TRANS  Y  TRANS  Z  TRANS 

1  6.4103E-02  -4.3237E-02  4.2585E-01 

2  3.8671E-02  -4.8189E-02  3. 1968E-01 

3  2.8737E-02  -4.7904E-02  2.0528E-01 

4  1.2800E-02  -4.7572E-02  -1.6702E-03 

5  “2.  1827E-02  2.8607E-02  - 1 . 6^>^i6E-03 

6  -2 . 2429E-02  3 . 03 1 1 E-02  -9.71 03E-04 

7  5.4669E-03  -2.3936E-02  -9.7073E-04 

8  3.9919E-03  -5 -6381 E-02  -1.7336E-01 

9  6.7472E-05  -3.8776E-02  -1.6711E-01 

10  -8.067SE-;-04  -3.87B5E-02  -2.6175E-01 

11  -7.8442E-04  -3.8733E-02  -2.8925E-01 

12  -4.6758E-04  -3.8544E-02  -3.3560E-01 

13  -3.8431E-05  -3.8293E-02  -3.7623E-01 

14  .OOOOE+00  -3. 7821 E-02  -3.9231E-01 

15  .OOOOE+00  .OOOOE+00  . OOOOE+00 


X  ROT  Y  ROT  Z  ROT 

-4.1282E-02  -2. 1863E-02  2.4487E-02 

-4 . 1 462E-02  -2 . 2347E-02  3 . 7426E-03 

-3 . 9606E-02  -2 . 0063E-02  3 . 3085E-03 

-3. 8071 E-02  -1.7310E-02  2.8408E-03 

-3 . 805aE-02  - 1 . 7305E-02  2 . 8423E-03 

-2 . 6335E-02  - 1 . 3542E-02  1 . 6947E-03 

-2.6334E-02  “1.3542E-02  1 . 6947E-03 

-3.8077E-02  -1.7311E-02  2.8469E-03 

-3.9250E-02  -1.7577E-02  8.0196E-04 

-3.9542E-02  -1.7782E-02  4.9725E-05 

-3.9588E-02  -1.7830E-02  -1.4943E-04 
-3.9615E-02  -1.7855E-02  -4.84488-04 
-3-9620E-02  -1.7865E-02  -5.4571E-04 
-3.9623E-02  -1.7867E-02  -5. 1307E-04 
. OOOOE+00  . OOOOE+00  . OOOOE+00 


MODE  NO.  2  AT  1.338348+02  CPS  (  a.723iaE+02  RAD/SEC) 


NODE 

X  TRANS 

Y  TRANS 

Z  TRANS 

X  ROT 

Y  ROT 

Z  ROT 

1 

3.0716E-01 

9. 2432E-02 

3. 4017E-01 

-2.7723E-02 

-9.0347E-02 

1.  1513E-02 

2.  7320E-01 

6. 4345E-02 

1 . 46688-01 

-2. 7434E-02 

-1 . 0221E-01 

1 . 9946E-02 

2. 220SE-01 

6. 405 IE -02 

7.6454E-02 

-2. 1371 e-02 

-1 . 0414E-01 

1 . 9752E-02 

4 

1 .  1936E-01 

6. 3821 E-02 

7. 4663E-03 

-9. 2373E-03 

-1 . 0642E-01 

1 . SS24E-02 

5 

-9.3538E-02 

8.2332E-02 

7 . 4408E-03 

-9. 2936E-03 

-1.0638E-01 

1 . 8S27E-02 

6 

-9. 8058E-02 

8. 1326E-02 

2. 3270E-03 

-1.7675E-02 

-7. 6102E-02 

2.  1640E-03 

7 

5.3704E-02 

4.491 OE-02 

2 . 3257E-03 

-1.7676E-02 

-7.6100E-02 

2. 1640E-03 

s 

6. 1007E-02 

5. 4655E-03 

-3. 5131E-01 

-9.332SE-03 

- 1 . 0648E-0 1 

1. 8321 E-02 

9 

2.6952E-02 

1.2222E-01 

2. 9304E-01 

-4.6631E-03 

-1.0615E-01 

1 . 0001 E-02 

10 

7. 8617E-03 

1 . 2224E-01 

2. 8303E-01 

-3. 9300E-03 

-1 . 0590E-01 

6 . 3675E— 03 

11 

6. 72S6E-03 

1 . 1577E-01 

1.6579E-01 

-3.8917E-03 

-1 . 0536E-01 

5. 396SE-03 

12 

2.6B16E-03 

-1  .  1300E-01 

9. 87848-02 

-3. B719E-03 

-1 . 0536E-01 

3. 8471E-03 

13 

-1 . 4473E-04 

1.11 13E-01 

4, 2756E-02 

—3. a703E— 03 

-1 .0537E-01 

3. 4250E-03 

14 

.  OCiOOE  1-00 

1 . 03 1 OE-0 1 

-5. 2524E-02 

-3.3715E-03 

-1 . 05S7E-01 

3. 4198E-03 

15 

. OOOOE+00 

. OOOOE+00 

. OOOOE+00 

. OOOOE+00 

. OOOOE+00 

. OOOOE+00 

MODE  NC.  3  AT 

1 

. 7799 4E+ 

:)2  CPS  (  1.1 

133 

7E+03  RAD 

/SEC) 

NODE 

X  TRANS 

Y  TRAMS 

Z  TRANS 

X  ROT 

Y  ROT 

Z  ROT 

1 

-2. 1905E-01 

-1  . 

9514E-01 

1 . 4S31E-01 

-3. 

1535E-02 

1 . 0942E-02 

-4. 071 1E--03 

-2. 0122E-01 

-1 . 

7 39  4 F£- 01 

5 . a906E-02 

_  ^ 

5349E-02 

-2.6197E-02 

-1 . 4922E-02 

y 

-1.5935E-01 

1 

A  m 

735 IE -01 

2.  5252E-03 

-1 . 

3231 E-02 

-3. 5420E-02 

-1 . 4713E-02 

4 

-a.  22 J.  IE -02 

-  1  . 

7300E-01 

1.11 52E-02 

7. 

5456E-03 

-4. 4907E-02 

-1 . 4igiE-02 

5 

-1 . 7193E-01 

J.  ■ 

3791E--01 

1  .  1 1 15E-02 

■7 

5637E~03 

-4.  49i.'9E-02 

-  1 . 41S3E-02 

6 

-1 . 7102E-01 

-1  . 

3451E-01 

3.6914E-03 

y 

1 435E-02 

-3. 1293E-02 

6. 3093E-04 

7 

-6. 5343E-02 

-1  . 

1964E-01 

3.  6896E-03 

y 

1 436E-02 

-5. 1298E-02 

6. 3090E-04 

8 

-3. S253E-02 

-1  . 

2904E  -01 

-1 , 0472E-01 

/  • 

5292E-03 

-4. 4945E-02 

-1 . 4172E-02 

H  —  if 


9 

• 

-1.3983E-02 

-2. 1709E-01 

2.0794E-01 

1 . 5575E-02 

-4.36638-02 

-6.66078-03 

10 

-2.4573E-03 

-2. 1715E-01 

2.4792E-01 

1 . 7270E-02 

-4.26708-02 

-3.29268-03 

11 

-1.9235E-'03 

-2. 1405E-01 

2.0461E-01 

1 . 7488E-02 

-4.24468-02 

-2.37468-03 

12 

-4.a002E-04 

-2. 1306E-01 

1.9498E-01 

1.76188-02 

-4.23488-02 

-1.02198-03 

13 

1. 1135E-04 

-2. 1265E-01 

1 .87938-01 

1 . 76388-02 

-4.23138-02 

-6.20358-04 

14 

. OOOOE+00 

-2. 1213E-01 

1.49858-01 

1 -  76408-02 

-4.23078-02 

-5.62788-04 

15 

. OOOOE+00 

. OOOOE+00 

. OOOOE+00 

. 00008+00 

.  00008+00 

. 00008+00 

MCD' 

I  NO.  4  AT 

1.97501E+t: 

2  CPS  (  1.2 

40948+03  RAD/SEC) 

NODE 

X  TRANS 

Y  TRANS 

Z  TRANS 

X  ROT 

Y  ROT 

7  rot 

1 

4 . 1 294E -0 1 

~ 1 . 2693E-0 1 

-1 . 3521E-01 

-1.0373E-03 

3.6109E-02 

4. 4766E-02 

3. 4925E-01 

-1 . 6037E-01 

-S. 6321 E-02 

2. 9429E-03 

3. 3864E-02 

2. 4106E-02 

“T 

2.3250E-01 

-1.5989E-01 

-7. 1157E-02 

8.51438-03 

3.5065E-02 

2. 3134E-02 

4 

1.6377E-01 

-1.5938E-01 

2. 3019E-03 

1 . 55778-02 

3. 6338E-02 

2. 1641 E-02 

fT 

2. 3629E-01 

-1.9038E--01 

2.2966E-03 

1 . 559.38-02 

3. 6351 E-02 

2.  164.3E-02 

6 

2. 3355E-01 

-1.8745E--01 

1.2411E-03 

3.672SE-02 

5.5596E-02 

2.  1365E-0'^- 

7 

1 .  190 IE -01 

-1. 1178E-01 

1 . 2407E-03 

3. 6728E-02 

5.5596E-02 

2- ^ 36 72 “04 

8 

9.6695E-02 

-2.2648E-01 

1 . 6333E-0 1 

1 . 56258-02 

3.6404E-02 

2. 1637E-02 

9 

5.2470E-02 

-9.2372E-02 

-1.7636E-02 

1. 79198-02 

3. 735 IE -02 

1 . 4670E-02 

10 

2. 057SE-02 

-9. 2410E-02 

2.6564E-02 

1 . 8756E-02 

3.  S104E-02 

1 . 2315E-02 

1 1 

1 . 320SE-02 

-1.05S6E-01 

7.2366E-02 

1 . a939E-02 

3. 3291 E-02 

1 .  1  “36E-02 

12 

3. 2232E  -03 

-1 . 1239E-01 

1 . 124SE-01 

1 . 9052E-02 

3. 8407E-02 

1.  .  K'f.  T  V  .'C  ■”7^2 

13 

-1 .  19S-'aE--04 

-1 . 1765E-01 

1 . 4695E-01 

1 . 9069E-02 

3. 3454E-02 

1 . 0381E-C2 

1  4 

.  OOOOE-i-DO 

- 1 . 2700E-0 1 

1 .3157E-01 

1 . 9073E-02 

3 . 8462E-02 

i  Q  irr  “  — .  /"■*  “• 

1  rr 

.  OOOOE -i-OO 

. OOOOE+00 

.  OOOOE-s-OO 

. OOOOE+00 

. OOOOE+00 

^  «  iJ  • !  iO'i  r-  ;i*‘: 

MOD 

2  NO.  r;  AT 

3.  35449E-‘-<; 

.2  CPS  (  2.1 

0769E-i-03  RAD 

/SEC) 

MODE 

X  TRAMS 

y  TRANS 

Z  TRANS 

X  ROT 

Y  ROT 

Z  ROT 

1 

--2.  1503E--03 

-7. 1035E-02 

-2.0951E-01 

7. 6494E-02 

-7. 368 4E -02 

-4. 3537E-02 

4. 2064E-02 

-7. 0327E-02 

-1 . 4704E-01 

6. 4477E-02 

-4.8467E-02 

-5.3516E-04 

4. 228 IE -02 

-7, 1506E-02 

-1 .  1020E--03 

•3.  4664E-02 

-5. 3391 E-02 

3.  4  !  1  lE-:'4 

'1- 

3.  3912E-'02 

-T  .  2003E  -02 

•■••3.  2860E-02 

-2. 2330E-02 

-5..  9106E-02 

IT 

-7. 9357E--';>2 

-3.  275^-e-02 

2'^*P!ZE—02 

-5.  9104E--02 

7.  4 

-£j 

-8. 1277E-02 

-2.5373E-02 

- 1 . 0537E-02 

-9. 6629E-03 

-4. 5 95 4 E-02 

4.,  2  -  o-E-O^ 

-y 

1 , 33G2E-02 

-4. 5275E-02 

-1 . 0532E-02 

-9. 6622E-03 

-4.5953E-02 

4  .  ■;  1.-4E-04 

•  :> 

3 . 6748E- 02 

— .  ~T  v'-  p  j;T  —  '■T> 

--2.S580E-01. 

'•n 

•—  O  /  I—  *2 

— F .  ’I'p  ^ 

'‘T  -T  •_ 

c- 

-7. 0065E-02 

-2. 4236E-02 

-4. 9753E-02 

-7; .  8  [ 

i.  ■  : 

X  . 

l .  523  .!  E-02 

-7. 0129E-02 

-1 , 5534E-01 

-5.3154E-02 

.  5004E— 

:''''4E-';'' 

L  c 

■*  ^  ■T'fj  -  fT.  .  "• 

-7.  7^254  8-02 

-2.  3:i.2:E-01 

-5. 9820E-C2 

"  "  - coS 1 F . '  2 

7  .  ■■  ■'■p  -  -7. 

• 

X 

-0. 2544E-02 

-3.  C1'^4E-01 

-6.  0352E-02 

_  ‘T  ^ ..  ”7  rr  ^ 

1  " 

7  -  2  72.*7E  - 

*“• '  •  5  7 1 7'  F  ^  ’•  7' 

-4.  3'^>67E-01 

-6.  1020E  -02 

-"■7  n  7*2 

\  r  -N  r  •  .  .  r,‘f 

1 " 

.  000'I:E  +  i’'0 

-V  .  4320E--02 

-5 . 0'^9SE  -0 1 

-6. 1044E— 02 

“7  -  2 1 '0.7 

-  t  ~T  “*jV 

iZ 

.  OO’IjOE 

.  -O 

.  U! 

.  ooooE-'-:''. 

— USE 

SCREEN  PROGRAM  TO  PLOT 

H  -1JL 

SRMC3  SERIES  DYNANONETER  SPECIFICATIONS 


SPECIFICATION 

SRMC3-X-100 

SRMC3-X-250 

SRMC3-X-500 

UNIT 

Capacity 

Fx.  Fy,  F2 

100 

250 

500 

Ibf 

Mx.  My,  Mz 

100 

250 

500 

in-lbf 

Sensitivity 

Fx.  Fy 

30.00 

12.00 

6.00 

microvolts 

Fz 

7.50 

3.00 

1.50 

volt-lLf 

Mx,  My 

150.00 

60.00 

30.00 

microvolts 

Mz 

Stiffness  (at  top 

30.00 

surface) 

12.00 

6.00 

volt-in-lbf 

Fx.  Fy 

12,000 

30,000 

60,000 

Ibf/in 

Fz 

170,000 

450,000 

900,000 

Ibf/in 

My  20,000 

Lowest  Resonant  Frequency 

50,000 

100,000 

in-lbf /rad 

Mx,  My 

Non-Linearity  (Max 

300 

.) 

500 

700 

Hertz 

Fx.  Fy,  Fz- 

---- 

.20 

+  %  FSO 

Hysteres's 

Fx,  Fy,  Fz 

.20 

— 

%  FSO 

Excitation,  Max. 

Recommended 

10 

____ 

Volts 

Temperature  Range 

00  to  1250 

OF 

Weight 

1.7 

Ibm 

Working  Surface 

3x3 

Inches 

Dimensions 

3x3x2.75 

Inches 

H-15 


MSachining  a  machinable  glass-ceramic 


6.  Physical  a^  medianical  properties  of  Macor 


1.  Droplet-imbedded  parent-glass 
material  before  heat  treatment 


Density  ■ 

'Porosity'  '  ' 

Themnjl-etgMnsion  coeff.  (20-800C) 

Thermal  conductivity 

Maximum  use  temperature 

Compressive  strength 

Modulus  of  rupture 

Modulus  of  elastkaty 

Shear  modulus 

Poisson's  ratio 

Knoop  hardrtess  (100-gm  load) 


157  bm* 

'0 

123xlD'"C^ 

11.68  BTU-inyftMir-T 

lOOOC  (1832F) 

50,000  psi 

15,000  psi 

9.3  X  10*  psi 

3.7  X  10*  psi 

0.26 

250 


2.  First  intermediate  crystal  phase  seen 
after  heating  to  7500 


3.  Second  intermediate  crystal  phase 
seen  after  heating  to  62§C 


4.  Beginning  of  mica-crystal  formation 
seen  after  heating  to  850C 


5.  Fully  crystallized  Macor  glass-ceramic 
seen  after  heating  to  950C 


is  filled  with  the  glass  matrix.  Macor  has 
zero  porosity.  The  plate-like  crystals 
average  20  pm  in  both  width  and 
breadth. 

Some  of  the  physical  and  mechanical 
properties  of  Macor  are  listed  in  Fig  6. 

What  makes  Macor  machinable? 

The  highly  interlocked  microstructure 
is  the  key  to  Macor's  machinability. 
During  machining,  as  the  tool  tears  its 
way  through  the  glass-ceramic  stock,  the 
interlocking  intersections  of  the  random¬ 
ly  oriented  crystals  stop  the  microscopic 
fractures  that,  in  mass,  make  up  the 
actual  cut  from  propagating  throughout 
the  matrix  outside  the  localized  cutting 
area.  The  microscopic  fractures  are 
repeatedly  deflected,  branched,  and 
blunted  — in  effect,  turned  around  and 
arrested. 

Since  the  fractures  are  localized, 
Macor  glass-ceramic  does  not  sacrifice 
strength  or  hardness  for  the  sake  of  its 
machinability. 

Macor's  machining  characteristics  can 
be  compared  with  those  of  many 
common  metals,  ft  is,  however,  not  a 
metal,  and  there  are  special  considera¬ 
tions  that  should  be  kept  in  mind  when  it 
is  subjected  to  the  bite  of  a  tool. 

Use  coolant  generously 

In  spite  of  the  fact  that  Macor  glass- 
ceramic  is  a  refractory  material,  best 
machining  results  are  obtained  when 
both  material  and  tool  are  kept  cool. 
Water-soluble  coolants,  especially  those 
formulated  specifically  for  use  in  cutting 
or  grinding  glass  or  ceramics,  are  recom¬ 
mended  for  that  purpose,  and  several, 
including  Supercut  s«t  (Supercut  Inc. 
Chicago)  and  Quaker  lOJ  (Quaker 
Chemical  Corp.  Conshohocken.  Pa), 
have  been  used  successfully. 

In  addition  to  cooling  the  workpiece 
and  tool,  the  fluids  improve  the  cutting 
action  and  also  trap  and  wash  away  the 
loose  powder  produced  during  machin¬ 
ing.  The  Macor  stock  removed  by  a  tool 
characteristically  comes  off  in  the  form 
of  fine  chips  or  powder,  composed  of 
both  mica  crystals  and  dislodged  gran¬ 


ules  of  matrix  glass,  that  can  cause  prob¬ 
lems  if  not  controlled:  however,  a 
generous  flow  of  water-based  cutting 
fluid  applied  at  the  cut  provides  an 
adequate  solution.  If  the  fluid  is  to  be 
recirculated,  use  of  a  settling  pot  is 
strongly  advised. 

The  powder  generated  by  machining  is 
somewhat  abrasive,  but  the  potential 
hazard  to  the  machinery  can  be  dealt 
with  by  increased  equipment  mainte¬ 
nance.  Cleanliness  is  important. 

If  Macor  must  be  machined  dry,  a 
useful  technique  is  to  drip  Freon  onto  the 
tool  and  to  use  a  vacuum  system  to 
remove  the  powder. 

During  any  machining,  operators 
should  take  care  not  to  breathe  in  any  of 
the  fine  powder. 

Macor  glass-ceramic  is  not  resilient, 
and  so.  when  small  or  delicate  work- 
pieces  are  clamped  or  chucked,  the  load 
should  be  evenly  distributed  by  the  use  of 
fixtures  like  pie  jaws.  The  material 
should  be  supported  well.  Usually,  no 
special  precautions  are  necessary  when 
large  workpieces  are  chucked  or 
clamped. 

Turning.  For  most  machining  oper¬ 
ations  involving  Macor  glass-ccramic. 
the  key  operating  factor  is  the  use  of  low 
cutting  speeds.  In  turning,  a  cutting 
speed  about  onc-half  that  used  for  cast 
iron  is  appropriate.  The  slowei  spindle 
speed  helps  keep  the  workpiece  cool,  thus 
helping  prevent  the  formation  of  macro¬ 
scopic  surface  cracks  that  could  weaken 
the  part.  The  use  of  low  cutting  speeds 
(such  as  30-50  sfm  with  high-specd-stcci 
tooling)  docs  nut  mean  that  overall  lathe 
time  is  increased  excessively,  because  the 
allowable  depths  of  cut  that  can  be  taken 
in  Macor  are  greater  than  those  allowed 
in  turning  steels.  Depths  of  cut  up  to 
0.250  in.  arc  possible  on  a  12-ia.  lathe. 

For  steels,  overall  machinability  is 
usually  evaluated  in  terms  of  tool  wear, 
since  this  assessment  largely  establishes 
production  economics.  With  Macor,  tool 
life  is  not  the  overall  limiting  factor  in 
machining.  Instead,  surface-finish  requi¬ 
rements  set  constraints  on  speeds  and 
feedrates.  Recommended  feedrates  are 
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INTRODUCTION 


A  steady  state  thermal  analysis  utilizing  a  CINDA  model,  was 
performed  on  the  Tribotester  Test  Fixture  to  determine: 

1 .  The  heat  input  required  to  raise  the  temperature  of  a 
ceramic  test  specimen  from  room  temperature  to  1500  F  at 
a  specific  location  on  the  ceramic  rod. 

2.  The  steady  state  temperatures  throughout  the  test  fixture. 

Determining  the  amount  of  heat  required  would  address  two 
concerns:  concept  feasibility  and  the  number  of  quartz  heating 
elements  required.  That  is,  can  the  ceramic  rod  be  heated 
sufficiently  to  achieve  the  1500  F  and  is  the  use  of  one  quartz 
heater  to  accomplish  this,  versus  the  two  initially  proposed, 
adequate.  If  only  one  quartz  heater  is  required  this  would 
greatly  effect  the  tribotesters  thermal  design  (simpler  and  less 
costly). 

Determining  the  steady  state  temperatures  throughout  the  test 
fixture  would  yield  insight  into: 

-  The  change  in  temperature  (Delta  T)  across  the  spindle 
bearings  (upper  &  lower)  with  a  large  Delta  T  possibly 
having  a  deleterious  effect  on  bearing  performance. 

Tho  exist enco  of  any  "hot  spots"  wtilch  could  pose  safety 
and/or  fixture  performance  problems. 

A  transient  analysis  was  also  performed  to  determine  the 
circumferential  temperature  changes  which  might  occur  along  the 
periphery  of  the  rod  during  system  operation  (i.e.  rod  rotating). 

The  analyses  showed  that: 

1.  The  concept  is  feasible,  that  Is,  the  ceramic  rod  could 
be  heated  to  the  required  1500°F. 

2.  The  heat  required  (approximately  150  watts)  can  be 
supplied  by  one  quartz  heater  (rated  0  254  watts/linear 
Inch),  versus  the  two  originally  thought  to  be  required. 

3.  The  heat  supplied  via  the  quartz  heater  is  augmented  by  the 
frictional  heat  generated  during  system  operation. 
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4.  The  Delta  T's  across  the  upper  and  lower  bearings  are 
negligible.  However,  the  actual  bearing  housings  outside 
surface  Is  well  over  200  F. 

5.  The  Inclusion  of  a  macor  Insert  between  the  rod  specimen 
and  the  spindle  decreases  the  amount  of  heat  transferred 
to  the  spindle  from  the  rod.  As  a  result,  the  rods 
temperature  Increases  and  that  of  the  spindle  assembly 
decreases,  compared  to  the  case  without  the  macor  insert. 

6.  The  stationary  pad  mounts  warm  up  to  approximately  240°F 
while  the  pressure  bar  assemblies  and  load  cell  mounts 
reach  150°F. 

7.  The  radial  temperature  gradients  within  the  rod  specimen 
are  negligible. 

8.  The  transient  analysis  revealed  that  the  circumferential 
temperature  variations  are  negligible,  relative  to  the 
order  of  magnitude  of  the  temperatures  being  considered 
at  the  contact  area.  These  variations  were  actually  less 
than  the  percent  accuracy  of  the  sensor.  Hence,  only  one 
temperature  sensor  (pyrometer)  Is  required  for  monitoring. 

Test  Fixture 

The  tribotester  test  fixture  analyzed  was  as  depicted  in  Figures 
I  and  II.  Also,  shown  in  these  figures  is  the  nodal  layout. 
Drawings,  materials,  dimensions,  heater  configuration/spec¬ 
ifications  and  other  pertinent  information  was  supplied  by  Leo 
Fiderer,  the  task  REA. 

In  the  actual  test  fixture  the  ceramic  rod  specimen  will  be 
rotated  at  over  3000  rpm.  Two  quartz  lamps  would  supply  the 
radiant  energy  for  heating  along  a  .75  inch  length  of  the  rod- 
at  essentially  midspan.  These  lamps  have  a  "delivered”  power 
rating  of  254  watts/ linear  inch  each.  Contacting  the  rod  at  the 
same  axial  location  as  the  incident  energy  but  at  different 
circumferential  positions  are  the  two  stationary  rod  speclmexTs. 
These  stationary  pads  are  fixed  on  two  macor  mounts  to  help 
minimize  heat  being  conducted  from  the  pads  through  the  pressure 
bars  to  other  components  of  the  test  fixture.  Infrared 
pyrometers  were  to  be  positioned  at  this  axial  location  but  once 


again  at  different  circumferential  positions.  These  pyrometers 
would  provide  input  for  any  temperature  controls. 

The  upper  portion  of  the  rod  (above  the  spindle/collet  assembly, 
the  stationary  pads/mounts  and  the  quartz  heaters)  will  have  a 
cover  placed  over  it.  This  cover  would  help  minimize  heat  losses 
(essentially  creating  an  ovenlike  enclosure).  It  would  also 
function  as  a  safety  shield  in  preventing  operator  exposure  to 
"hot"  spots  and  dust  possibly  generated  during  the  test. 

The  rod  specimen  would  be  held  by  a  collet  which  is  connected  to 
the  spindle  assembly.  In  an  effort  to  reduce  the  amount  of  heat 
being  conducted  from  the  assembly,  macor  inserts  were  installed. 
It  was  thought  that  these  inserts  would  perform  two  important 
functions : 

1.  Lower  the  amount  of  heat  input  required  by  reducing 
losses  via  conduction 

2.  Insulate  the  spindle  bearing  from  the  possible  ill  effects 
of  too  high  a  temperature  gradient  across  them. 

Assumptions 

1.  The  thermal  properties  of  the  various  materials  used  were 
considered  constant  over  the  operating  temperature  range. 

2.  Radiant  exchange  occurred  only  between  a  component  and 
the  ambient  air.  Any  exchange  amongst  the  various  comp¬ 
onents  was  neglected. 

3.  One  dimensional  heat  flow  in  the  ceramic  rod  specimen 

4.  Contact  conductances  at  various  interfaces  were  base^  on 
minimum  and  maximum  values  of  100  and  1000  BTU/Hr-FT  -°F 
respectively  when  no  other  ioformation/data  was  available. 

5.  Heat  inputs  from  the  quartz  lamps  can  be  expressed  as 
impressed  heat  on  the  two  nodes  representing  the  portion  of 
the  rod  which  "sees"  the  lamps. 

6.  The  quartz  lamps  delivered  their  full  rated  power  (254 
watts/linear  inch  each)  to  the  specified  length  of  rod 
(.75  Inches) 
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7 .  Heat  Inputs  due  to  the  friction  between  the  stationary  pads 

and  the  rotating  rod  were  based  on  a  normal  force  of  10  lbs 
each,  a  kinetic  coefficient  of  friction  )  of  .40  and 

an  angular  speed  of  3000  rpm.  ^ 

8.  Frictional  heat  can  be  represented  as  impressed  heat 
augmenting  the  heat  supplied  by  the  quartz  lamps. 

9.  Convective  heat  transfer  coefficients  were  based  on  free 
convection  as  a  result  of  computations  made  using  typical 
operating  parameters. 

10.  The  emissivity  of  the  ceramic  rod  specimen  was  held 
constant  at  .85. 

11.  Radiant  interchange  factors  between  the  rod,  pad 
holders  and  enclosure  air,  as  well  as  that 

between  the  various  other  components  and  ambient  (outside) 
air  were  considered  to  be  unity  (1). 

12.  The  cylindrical  elements  used  for  clamping  the  rod  (collet 
and  ceramic  Inserts)  were  considered  as  continuous  parts 
not  split. 

13.  The  initial  temperature  of  the  test  fixture  components  was 
80°F. 

14.  Any  dimensional  instabilities  caused  by  dissimilar  thermal 
expansion  of  the  components  was  not  considered. 


Thermal  Models 


The  CINDA  thermal  analyzer  cmputer  program  was  utilized  in  the 
development  of  the  steady  state  thermal  model.  The  final  model 
consists  of  43  nodes  and  85  connectors. 

Initially  computer  runs  were  made  based  on  the  actual  energy 
supplied  by  the  quartz  lamps.  Each  had  a  power  rating  of  254 
watts/linear  inch  which  translated  to  a  total  of  approximately 
380  watts  delivered  to  the  rod  specimen.  Then  computer  runs  were 
made  which  included  the  power  augmentation  supplied  by  the 
frictional  heating  occurring  at  the  rotating  rod/statlonary  pad 
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Interfaces.  A  value  of  approximately  50  watts  total  was  computed 
as  a  representative  value.  During  both  of  these  sets  of  runs  the 
spindle  bearing  housing  was  considered  as  a  boundary  condition 
being  held  at  a  constant  temperature  of  80  F.  Also,  the  Insert 
placed  between  the  collet  and  spindle  was  fabricated  from 
aluminum  oxide  as  recommended  by  the  manufacturer. 

The  refined  steady  state  thermal  model  and  subsequent  runs 
differed  from  the  aforementioned  In  several  significant  respects: 

1 .  A  macor  Insert  was  placed  between  the  collet  and  spindle 
versus  the  aluminum  oxide. 

2.  Modification  of  the  conductive/convective  heat  transfer 
paths  through  the  spindle,  bearing  housing  and  the  rest  of 
the  lower  assembly  components  to  reflect  possible  design 
changes  (influenced  by  the  Initial  analysis). 

3.  The  bearing  housing  was  free  to  exchange  heat  with  the 
surrounding  air  versus  being  held  at  a  constant  80  F. 

A.  Instead  of  specifying  the  amount  of  heat  impressed  on 
specific  nodes  with  the  program  computing  resultant 
temperatures,  the  temperatures  of  these  nodes  were  fixed 
at  certain  values.  The  program  then  computed  the  heat 
required  to  achieve  these  temperatures  as  well  as  the 
steady  state  temperatures  at  the  various  other  nodes.  The 
areas  represented  by  these  fixed  temperature  nodes,  along 
with  the  temperature  values  are: 

•  Section  of  rod  being  heated  -  1500°F 

•  Stationary  pads  -  1500°F 

•  Ambient  air  -  80°F 

•  Enclosure  air  -  150°F 

The  concern  about  any  possible  circumferential  temperature 
differences  from  the  rod/pad  interface  to  the  point  at  which  the 
rods  surface  temperature  is  monitored  (by  an  optical  pyrometer) 
prompted  formulation  of  a  simple  transient  analysis.  This 
analysis  was  performed  utilizing  transient  "short-time"  charts 
available  in  the  heat  transfer  literature  (Heisler  Charts).  For 
this  analysis  the  following  assumptions  were  made: 


1.  The  rod  specimen  was  silicon  nitride  with  a  constant 
thermal  conductivity. 

2.  Surrounding  air  temperature  was  held  at  100 

3.  An  "effective”  heat  transfer  coefficient  combining 
convective  and  radiative  effects  can  be  computed. 

4.  The  node  representing  the  section  of  the  rod  being 
heated  can  be  considered  as  a  "lumped  thermal  mass". 

5.  The  surface  temperature  of  this  cylindrical  "lumped 
thermal  mass"  was  initially  1500°F. 

6.  The  angular  speed  of  the  rod  was  3000  rpm. 

7.  The  solution  to  the  transient  behavior  of  a  heated 
cylinder  of  finite  length  (our  "lumped  thermal  mass") 
can  be  represented  as  the  product  of  the  solutions  of 
the  infinite  cylinder  and  an  infinite  plate  -  both  of 
which  have  existing  graphs. 

Results 

The  initial  analysis  showed: 

1.  The  incident  energy  supplied  by  the  two  quartz  lamps 

raised  the  temperature  of  the  desired  section  of  rod 
well  above  the  required  1500°F  (~  2200°F). 

2.  The  heat  augmentation  supplied  via  friction  had  a 

significant  influence  on  the  temperature  of  the 
pertinent  section  of  the  rod  2400  F). 

3.  The  change  in  temperature  across  the  upper  spindle  bearings 
could  have  a  deletrious  effect  on  bearing  performance 

108  F  @  heat  augmented  condition). 


4.  The  macor  stationary  pad  mounts  reached  an  average 
temperature  of  approximately  220  F  while  the  pressure  bar 
and  load  cell  assemblies  reached  136  F  “  both  of  these 
occurring  for  the  heat  augmented  case. 

5.  The  aluminum  oxide  Insert  between  the  collet  and  spindle 
is  an  inadequate  thermal  Insulator. 

As  a  consequence  of  these  findings  the  model  was  modified  as 
mentioned  previously  with  the  following  results: 

1 .  To  achieve  the  required  1500°F  for  both  the  rod  and  pads 
at  the  rod/pad  interface,  approximately  150  watts  of  power 
must  be  delivererd  to  the  rod.  Since  each  quartz  lamp 
supplies  191  watts,  one  lamp  even  at  an  efficiency  of 
approximately  .8  should  be  sufficient  to  meet  the 
requirements.  The  adequacy  of  one  lamp  becomes  even  more 
evident  when  frictional  heat  augmentation  is  considered  { 
50  watts). 

2.  The  inclusion  of  a  macor  vs.  an  aluminum  oxide  insert 
between  the  collet  and  spindle  significantly  reduces  the 
temperature  at  the  upper  spindle  bearing  housing  and 
collet.  This  temperature  reduction  was  typically  on  the 
order  of  7o‘^F.  An  additional  advantage  of  having  this 
macor  insert  is  that  the  increased  resistance  to  heat  flow 
reduces  the  heat  losses  via  conduction  from  the  rod  hence 
reducing  power  requred  to  raise  its  temperature. 

3.  The  Delta  T  across  the  upper  and  lower  spindle  bearing  is 
minimal  (1-^8°F). 

4.  The  macor  stationary  pad  mounts  reached  an  average 
temperature  of  240  F  while  the  pressure  bar  and  load  ^ 
cell  assemblies  reached  an  average  temperature  of  150  F. 

It  should  be  noted  that  while  the  Delta  T's  across  the  spindle 
bearing  have  been  greatly  reduced  in  the  modified  model  - 
primarily  as  a  result  of  Including  the  effects  of  convective  and 
radiative  heat  transfer  between  the  hot  spindle  bearing  housing 
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and  ambient  air  (l.e.  allowing  the  housing  to  get  warmer)  versus 
keeping  the  housing  at  80  F  -  the  maximum  temperatures  of  the 
housing  surface  and  the  collet  reach  200  F  and  249  F 
respectively.  One  might  consider  active  cooling  via  forced 
convection  -  blowing  ambient  air  across  the  collet  to  reduce  its 
temperature  as  well  as  the  heat  transferred  to  the  spindle 
bearing  housing  -  if  either  of  these  temperatures  is  considered 
unacceptable  (safety  or  bearing  performai\ce  considerations). 

The  transient  analysis  showed  that  when  a  point  on  the  surface  of 
the  rod,  initially  at  1500  F,  is  subjected  to  representative  heat 
losses  (via  convection  and  radiation)  in  the  time  required  to 
complete  one  revolution  -  completely  disregarding  frictional 
heating-  the  temperature  decreases  by  6  F.  This  represents  a  .42 
change  from  the  original  1500  F  and  is  actually  well  below  the 
percent  accuracy  of  typical  optical  pyrometers.  Hence,  for 
monitoring  temperatures  on  the  surface  of  the  rod  during  testing 
only  one  temperature  sensing  device  is  required. 
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Material  Properties 


Material 


Conductivity  (®^^/Hr-Pt-°F) 


Silicon  Nitride  16.5 

Macor  .973 

Stainless  Steel  9.4 

Aluminum  Oxide  4.6 
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Table  I:  Node  Temperatures  (*^F) 


*L0W 

HIGH 

NO  MACOR 

NODE  G 

LOW  G 

10 

736 

736 

788 

20 

787 

788 

788 

30 

913 

913 

913 

40 

1133 

1133 

1133 

70 

1312 

1248 

1164 

80 

1124 

996 

829 

90 

936 

745 

494 

100 

936 

745 

494 

909 

490 

367 

— 

910 

269 

332 

402 

920 

211 

254 

306 

940 

230 

280 

358 

950 

197 

346 

283 

960 

200 

239 

293 

970 

192 

229 

276 

980 

193 

230 

280 

990 

186 

221 

265 

810 

173 

202 

242 

811 

171 

200 

237 

812 

172 

201 

238 

813 

135 

152 

174 

814 

132 

147 

167 

815 

132 

147 

167 

816 

98 

103 

no 

817 

115 

126 

139 

818 

104 

111 

120 

819 

100 

108 

112 

820 

102 

109 

117 

821 

107 

115 

124 

822 

101 

107 

114 

32 

242 

242 

242 

33 

150 

150 

150 

34 

150 

150 

150 

42 

241 

242 

242 

43 

150 

150 

150 

44 

150 

150 

150 

Boundary 

Conditions 

Held  Constant 

50 

1500 

60 

1500 

31 

1500 

41 

1500 

555 

150 

666 

80 

Low  G"  denotes  computations  made  with  the  lower  Interface 
conductance  values  while  "high  G"  are  those  made  at  the 
higher  values. 
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Abstract 

A  unique  apparatus  has  been  developed  to  evaluate  ceramic  on  ceramic  sliding 
contact  configurations  in  both  bare  and  solid  lubricated  modes.  This  tester 
designed  as  "Tester  2A'',  evaluates  the  friction  and  wear  characteristics  ot 
various  high  temperature  ceramic  material  combinations  in  a  range  of  load, 
sliding  speed,  and  temperature  conditions  in  both  line  and  area  contact 
geometries.  To  date,  friction  and  wear  data  has  been  generated  with  Tester 
2A  on  one  of  the  four  material  combinations  under  consideration,  Electro- 
schmelzwerk -Kemp ton  Ekasic<KSiC  sintered  +  post  HIP-ed  (ESK  post  HIP-ed). 

Initial  tests  were  performed  at  room  temperature  using  a  flat  rubshoe/cyl i ndp” 
contact  geometry  (i.e..  line  contact);  each  test  was  performed  using  a  uniqu- 
set  of  load  and  speed  conditions.  Complete  steary  state  coefficient  of  friction 
traces  for  each  of  the  two  tests  were  calculated,  as  well  as  traces  for  th<; 
combined  rod/rubshoe  wear.  Also,  the  effect  of  variations  in  the  applied 
normal  load  and  sliding  speed  on  the  coefficient  of  friction  and  wear  was 
investigated.  In  addition,  comparison  of  maximum  runout  levels  with  the 
dynamic  variations  in  tne  normal  load,  tangential  load  and  the  coefficient  of 
friction  were  made.  Tneoretical  Hertzian  stress  analysis  was  performed  the 
four  different  material  combinations  to  calculate  the  initial  stress  levels, 
prior  to  wear  scar  formation  (prior  to  dynamic  operation). 

Foreword 

This  report  is  the  first  in  a  series  of  papers  reporting  the  friction  and  wear 
behavior  of  solid  lubricated  or  bare  unlubricated  ceramic-ceramic  interfaces. 
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This  series  will  relate  the  progress  of  ceramic  materials  evaluated  on  Tester 
2A  in  support  of  the  DARPA  program  entitled  “Determi nation  of  Tribological 
Fundamentals".  The  topics  addressed  will  include  experimental  equipment,  test 
procedures  and  results  for  tests  performed  both  at  room  teniperature  and  8bU“C. 
This  paper  will  report  specifically  on  an  experimental  test  procedure  developed 
for  room  temperature  testing  and  the  initial  friction  and  wear  results  for  one 
of  the  four  baseline  material  combinations  chosen  for  this  investigation. 

1.0  INTRODUCTION 

The  friction  and  wear  behavior  of  ceramic  tri bocontacts  between  bare  surfaces 
is  of  fundamental  importance  in  establishing  baseline  values  for  the  material 
combinations  chosen  for  evaluation.  A  "worst  case"  baseline  will  provice  a 
relative  scale  in  which  to  evaluate  the  contribution  of  surface  treatments  tc 
minimize  friction  and  wear.  The  surface  conditions  may  be  altered  b>  the 
formation  of  glassy  oxide  layers  or  the  application  of  solid  lubricants.  Tnt 
four  baseline  materials  are  shown  in  table  1.  These  materials  will  be 
evaluated  at  the  lowest  normal  load  and  sliding  speed  values  which  are  practice 
for  this  tester.  Tests  will  be  conducted  at  room  temperature  and  up  to  bbu‘C 
with  the  rods  and  rubshoes  pretreated  under  a  matrix  of  different  heat  treat¬ 
ments.  Preheat  treatments  will  include  baking  the  rod  and  rubshoes  at  a 
variety  of  time  durations  at  8bO°C  to  produce  oxide  layers  of  varied 
thicknesses.  Theoretical  contact  stresses  were  calculated  for  the  four 
materials  in  the  initial  Hertzian  contact  condition  which  predicts  the  state 
of  stress  before  the  formation  of  a  wear  scar.  Experimental  friction  anc 
wear  behavior  for  the  Elektroschmelzwerk-Kempten  Ekasic  sintered  +  post  HIP-er 
c(SiC  will  be  presented  in  addition  to  an  established  room  temperature  test 
procedure.  The  data  recording,  sampling  rates  and  logging  will  be  discussed 
briefly . 

2.0  STRESS  ANALYSIS 

The  maximum  contact  stress  and  contact  width  resulting  from  linp  contact 
between  a  cylindrical  RCF  rod  and  a  planar  rubshoe,  both  made  of  an 


isotropically  elastic  material,  can  be  determined  by  the  application  of 
the  elastic  contact  solution  (Hertz  contact  problem)  (1).  This  solution 
yields  values  for  the  maximum  contact  stress  (qo)  at  the  center  of  the  line 
contact  (L)  in  addition  to  the  half  contact  width  (b).  Each  of  these 
solutions  are  a  function  of  the  following  variables: 

1.  Contact  length  (L) 

2.  Cylinder  radius  (R) 

3.  Applied  load  (P) 

4.  Material  properties 

a.  Poisson's  ratio 

b.  Modulus 

This  solution  predicts  the  stress  levels  prior  to  dynamic  operation  (wear  scar 
formation).  Hertzian  stress  calculations  were  performed  for  those  material 
combinations  listed  in  table  1.  The  calculations  for  both  the  ESK  HlP-er)  and 
post  HIP-ed  materials  were  combined  since  the  vendor  supplied  mechanical 
properties  did  not  differentiate  between  the  two.  Since  the  rubshoes  can  be 
tested  in  two  different  orientations,  the  calculations  were  performed  using  two 
contact  lengths  {U.375  in,  0.297  in).  Maximum  stress  levels  as  a  function  of 
applied  load  were  calculated  for  the  load  range  of  interest  for  this 
investigation.  These  figures,  in  addition  to  sample  calculations,  material 
properties  and  rubshoe  orientations  are  contained  in  Appendix  I. 

3.U  TESTING 

This  section  outlines  the  general  procedures  for  surface  characterization, 
sample  preparation,  test  hardware  set-up.  testing  conditions  and  testing 
procedures.  Also,  the  data  recording  and  sampling  rates  will  be  outlined  as 
they  pertain  to  the  reliability  and  resolution  of  the  recorded  data. 

3.1  Surface  Characterization 

Investigation  of  the  available  literature  has  shown  that  under  pure 
sliding,  the  peak  stresses  occur  primarily  on  the  surface  of  the  contact 
faces  (2).  Surface  roughness,  and  SEM  photomicrography  analysis  were 
performed  on  the  flat  rubshoes  and  surface  analysis  and  runout  measurements  were 
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performed  on  the  RCF  rods  to  carefully  characterize  the  pretest  surface 
conditions.  Each  rubshoe  was  measured  both  in  the  direction  of  contact  and  in 
the  direction  of  sliding.  The  surface  finish  of  the  rod  was  measured  circum¬ 
ferentially  at  one-half  inch  from  each  end  and  also  longitudinally,  using  a 
trace  length  of  approximately  two  and  one-half  inches.  SEM  Photomicrographs 
of  one  of  the  rubshoes  were  taken  in  addition  to  EDAX  analysis.  The  ESK  post 
HIP-edt<SiC  was  sufficiently  conductive  for  SEM  imaging  without  a  conductive 
coating  which  would  alter  the  frictional  behavior  of  the  surface. 

3.2  Sample  Preparation  And  Test  Set-Up 

Prior  to  testing,  both  the  rod  and  the  rubshoes  were  ultrasoni ca I ly 
cleaned  in  a  mixture  of  isopropyl  alcohol  and  trichlorotri fluoroethylene 
(Freon  TF )  and  vapor  degreased  in  Freon  TF  to  remove  any  oils  or  polishing 
residues.  After  cleaning,  the  rod  was  inserted  into  the  stainless  steel  collet 
and  the  height  adjusted  to  guarantee  four  test  positions  per  rod.  Because 
these  tests  were  performed  at  room  temperature,  the  ceramic  collet,  designed,  t: 
act  as  a  thermal  barrier  between  the  heated  rod  and  the  spindle  bearings,  was 
not  necessary.  The  two  rubshoes  were  then  inserted  into  the  stainless  steel 
holders  and  the  “J"  type  thermocouples  (T.C.)  carefully  inserted  into  the  T.C. 
holes  drilled  in  the  back  face  of  each  rubshoe.  Although  the  rubshoes  were 
designed  to  be  installed  in  a  primary  orientation  (see  Figure  11,  Appencix  ]). 
they  were  rotated  9U  degrees  which  resulted  in  a  longer  contact  length.  Tne 
longer  contact  length  reduced  the  lowest  available  stress  levels  tor  this 
tester. 

The  next  two  set-up  procedures  were,  and  will  continue  to  be.  critical  to 
the  relative  success  of  each  test  and  therefore,  merit  full  explanation  here. 

These  two  procedures  are  as  follows: 

1.  Mitigation  of  the  combined  runout  of  the  rod  and 
collet. 

2.  Alignment  of  the  rubshoe  contact  area  with  respect 
to  the  rod. 


Since  this  tester  is  equipped  to  measure  the  change  in  position  of  the 
rubshoes  as  they  are  loaded  against  the  rod.  it  is  ideally  suited  to  measure  the 
in-situ  runout  of  the  rod/collet  combination.  The  total  runout  is  a  function  of 
the  combined  alignment  of  the  rod  and  the  spindle  and  also  the  roundness  of  the 
rod.  Mitigation  of  the  runout  was  achieved  by  replacing  the  collet  and  then 
rotating  the  rod  with  respect  to  the  collet.  This  tended  to  decrease  the 
additive  runout  by  cancelling  the  misalignments  for  the  individual  components. 
Since  the  runout  values  were  larger  than  the  anticipated  wear  values,  this  in¬ 
formation  was  necessary  to  establish  the  true  wear  rates  in  comparison  to  the 
observed  wear  rates.  Also,  analysis  has  shown  that  large  runout  values 
contribute  to  dynamic  loading,  a  test  variable  which  is  difficult  to  quantify 
(3).  The  significance  of  this  information  lies  in  predicting  the  magnitude  or 
the  shaft-runout  induced  cyclic  loading  of  the  rod  (sha ft )/runout  interface. 
These  superimposed  dynamic  loads  are  small  for  low  speed  and  runout  conditions, 
but  are  significant  at  higher  speeds  and  can  only  be  accounted  for  by  actual 
measurements  of  dynamic  runout.  It  is  strongly  recommended  that  a  runout  trac*.- 
be  made  prior  to  and  also  after  completion  of  each  test  since  the  magnitude  of 
the  runout  will  vary  from  test  to  test. 

Alignment  of  the  rubshoes  with  respect  to  the  RCF  rod  is  essential  to 
ensure  complete  contact  along  the  entire  contact  line.  Alignment  or 
misalignment  was  established  by  using  the  quartz  heat  lamp  at  a  low  intensity 
and  visually  determining  if  light  could  be  seen  along  the  contact  length.  By 
adjusting  the  angle  of  the  rubshoe  holder  with  respect  to  the  horizontal,  the 
alignment  was  refined  until  no  light  could  be  seen.  The  rod  was  then  rotated 
by  hand  to  ensure  proper  alignment  for  full  rotation.  This  process  was  thnn 
repeated  for  the  second  rubshoe.  Care  was  taken  to  minimize  misalignments 
resulting  from  complete  tightening  of  each  rubshoe  holder.  Although  this 
method  insures  mating  along  the  contact  length,  it  does  not  insure  an  even 
distribution  of  stress.  The  effect  of  uneven  stress  distribution  was  evident 
in  the  varying  wear  scar  depths  observed  along  the  contact  length  upon  test 
completion  (see  figures  9-12).  Note  that  this  method  is  only  applicable  for 
the  rubshoes  with  a  planar  contact  surface.  When  testing  begins  with  the 
spherical  and  convex/concave  rubshoes,  this  method  will  require  modification 
to  provide  alignment  of  the  more  complex  surfaces. 
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3.3  Data  Recording 

The  quality,  reliability  and  resolution  of  the  data  was  dependent  on  the 
measurement  techniques  and  sampling  rates.  Date  recording  and  logging  was 
performed  by  an  open  loop  analog  to  digital  computer  system  described  in  (4). 
The  sampling  rates  for  this  measurement  system  were  limited  by  the  constraints 
of  the  real  time  display  software.  Because  of  these  constraints,  the  critical 
measurements,  load,  wear  and  rod  and  rubshoe  temperatures,  were  sampled  more 
frequently  than  the  secondary  monitors,  heater  and  bearing  temperatures  and 
power  sources.  The  sampling  rates  for  each  measurement  device  are  shown  in 
table  2.  In  future  tests,  these  sampling  rates  will  be  adjusted  as  the 
critical  measurements  are  defined  through  experimentation.  When  testing  et 
room  temperature,  the  temperature  values  did  not  increase  enough  to  merit 
faster  sampling  rates,  but  when  testing  at  higher  temperatures,  the  temperatu'- 
values  will  be  measured  more  frequently. 

The  resolution  of  each  measurement  device  is  a  function  o^  its  full 
scale  output  and  the  resolution  of  the  analog  to  digital  (DACl  board  (12  bit 
resolution).  The  individual  resolution  values  were  calculated  by  dividing  the 
full  scale  input  of  the  DAC  (+  b  V)  by  the  total  number  of  digital  levels 
which  are  generated  by  the  DAC:  for  a  twelve  bit  board.  This 

value  is  the  smallest  voltage  unit  which  can  be  distinguished  by  the  computer. 
Multiplication  of  this  basic  voltage  unit  by  the  output  conversion  for  the 
sensors,  (lbs  per  volt  for  the  load  cells  or  inch  per  volt  for  the  proximeters 
yields  the  following  resolution  values: 

Proximeters. .. .2.54  um  =  0.0001  in 

Load  Cells . 0.3b  N  =  O.Ol'i  i,js. 

3.4  Experimental  Apparatus  and  Techniques 

Friction  and  wear  measurements  were  performed  using  Tester  2A.  a 
continuum  mechanical  sliding  contact  tester  which  is  capable  of  a 
rotational  speed  range  of  500-4600  rpms.  steady  state  load  to  200  N  (45 
lbs)  and  heating  the  test  rod  to  an  upper  limit  of  850*C.  The  specific 
details  of  this  tester  are  described  elsewhere  (2). 


o  >  o  r  o  m 


The  room  temperature  test  procedure  consisted  of  applying  a  pre-determi ned 
steady  state  spring  load  and  then  removing  the  spring  load  with  the  linear 
actuators,  while  still  maintaining  contact  between  the  rod  and  rubshoes.  This 
ensures  that  there  was  no  impact  loading  upon  start-up:  use  of  the  actuators 
to  reapply  the  load  allows  a  ramp  loading  of  the  rubshoes  against  the  rod. 

The  rod  was  then  rotated  at  a  fraction  of  the  steady  state  speed  while  the 
steady  state  load  was  reapplied  by  decreasing  the  offsetting  actuator  load 
component.  The  actuator  voltage  source  and  power  supply  were  then  turned  off. 
The  actuator  drive  system,  because  of  the  switching  amplifier,  was  a  varified 
electronic  noise  source.  Therefore,  the  quality  of  the  recorded  data  was  more 
reliable  with  this  system  disengaged.  Since  the  test  plan  called  for  a 
constant  applied  load,  the  actuators  were  not  necessary  during  the  steady- 
state  portion.  Upon  disengaging  the  actuators,  the  rotational  speed  was 
then  increased  to  a  p re-determi ned  steady  state  value  and  maintained  for-  a 
20  minute  test  duration.  At  test  completion,  the  actuators  were  reengaged  to 
provide  ramp  unloading,  the  rod  was  unloaded  and  the  rotation  was  stopped. 


LOAD  profile 
FIGURE  1 
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LOAD  SIGN  INDICATES  RADIAL  DIRECTION 
(-)  COMPRESSION,  (♦)  TENSION 


Figure  1  graphically  represents  the  load  profile  as  a  function  of  tinp. 


For  the  work  reported  here,  the  first  set  of  test  conditions  consistefi  of 
a  steady  state  load  of  13.3  N  (3.0  lbs)  with  a  rotational  speed  of  1000  RPM. 

The  second  test  was  operated  with  a  steady  state  load  of  10.0  N  (2.5  lbs)  and 
a  rotational  speed  of  700  rpms.  Throughout  the  duration  of  the  test,  the 
spindle  and  test  region  were  purged  with  a  slow  flow  rate  of  dry,  filtered  aln. 
In  both  tests,  the  test  duration  was  20  minutes  at  steady  state.  Initial  loading 
and  motor  actuation  required  approximately  200  seconds.  Upon  test  completion, 
the  rubshoes  were  removed,  photomicrographs  were  taken  and  profilometer  traces 
were  made  to  determine  the  wear  scar  dimensions  and  surface  roughness  within 
the  scar  depth. 

4.0  RESULTS  AND  DISCUSSION 


The  objectives  of  the  individual  experiments  were  multifold: 

1.  The  first  objective  was  to  perform  a  general  check-out  o*  t^e 
test  hardware  and  the  recording  system.  Although  a  larcr 
numbe’-  of  shake-down  tests  had  been  performed,  none  had  bee'' 
performed  with  this  type  of  "worst  case"  unluhricatec  ceranc 
on  ceramic  contact  condition. 

2.  The  second  objective  was  to  establish  a  practical  and 
repeatable  test  procedure  and  to  experimentally  define 
the  low  end  speed  and  load  limits. 

3.  The  third  objective  was  to  investigate  the  friction  and  wea'" 
behavior  of  one  of  the  four  material  combinations:  ESf  post 
HIP-ed  w.Sic. 

Because  we  did  not  have  prior  practical  test  experience  with  these  "worst 
case"  conditions,  the  goal .of  the  first  two  experiments  was  to  experimentally 
determine  the  load  and  speed  conditions  which  coincided  with  the  objectives  of 
this  investigation  and,  more  importantly,  were  in  line  with  the  practical  low 
end  limitations  of  this  tester.  The  test  parameters  are  outlined  in  table  2. 
After  thorough  analysis  of  the  test  data  and  the  behavior  of  the  tester,  speci¬ 
fically  the  loading  system,  a  combination  of  the  two  test  conditions  have  been 
chosen  to  complete  this  baseline  study. 

Experimental  assessment  of  the  Tester  2A  operation  and  dynamic  behavior 
indicate  the  following: 


1.  The  lowest  speed  that  the  motor  will  operate  and  maintain  is  700  RPM  +5 
(1.14  ft/sec,  0.346  m/sec). 

2.  The  sprina  tensioning  rod  must  have  lock  nuts  on  the  inner  surface  and  the 
outer  surface  to  prevent  against  tension  relaxation  during  the  test.  Care  must 
be  taken  when  adjusting  the  spring  load  to  prevent  spring  rotation.  The  spring 
rotation  increases  the  initial  load  but  allows  load  relaxation  as  the  spring 
rotates  back  to  its  equilibrium  position  as  a  result  of  vibration. 

3.  Runout  values  should  be  kept  below  2/10,000  of  an  inch.  For  the  best 
results,  runout  should  be  theoretically  zero.  If  the  runout  values  are  on 
the  order  of  the  combined  wear,  then  the  measured  wear  rates  are  meaningless. 

4.  The  lowest  maintainable  steady-state  spring  load  is  13.3  N  (3.0  lbs). 

Because  the  loading  system  was  designed  for  much  higher  loads  (maximum  of  2UU  fi). 
spring  loads  lower  than  13. 3N  are  highly  susceptible  to  load  variations 
resulting  from  spring  rotations. 

B.  Operation  of  Tester  2A  requires  two  operators.  One  must  handle  and  monitor 
the  recording  system  while  the  other  manually  controls  the  motor,  actuators,  and 
heater.  Since  many  different  measurements  are  being  performed  simultaneously, 
it  is  the  responsibility  of  both  operators  to  continuously  monitor  the 
recording  system  and  the  test  hardware  to  insure  that  each  component  is  woriinc 
correctly . 

4.1  Test  Results 

The  data  generated  in  each  of  the  two  experiments  consisted  of  a  pre-test 
runout  trace,  and  compilation  of  the  applied  loads,  frictional  loads, 
coefficient  of  friction  and  the  observed  wear.  The  surface  temperature  of  the 
shaft  and  the  bulk  temperatures  of  the  rubshoes  were  recorded  but  are  not 
included  since  at  room  temperature,  the  values  did  not  increase  significantly 
(5‘^C  maximum).  Upon  completion  of  each  test,  photomicrographs  were  ta>en  of 
the  contact  surface  and  surface  profile  measurements  of  the  wear  scar  were 
made  at  three  locations  to  determine  the  final  depth  of  wear. 


4.1.1  Runout 


Figures  2  &  5  represent  the  runout  profile  of  each  rod  prior  to  testing 
for  test  one  and  two  respectively.  Note  that  the  absolute  value  of  the 
amplitude  of  the  runout  trace  was  much  larger  in  the  first  experiment 
(<%  0.0007i  n. ) ,  compared  to  that  of  the  second  test  0.0002in.).  Initially 


we  attempted  to  use  the  Macor  ceramic  collet  in  order  to  test  with  fairly  equal 
runout  values  at  both  room  and  high  tenperatures.  We  found  that  the  lowest 
attainable  runout  values  using  the  ceramic  collet  was  approximately  0.U007  in. 
which  was  not  acceptable.  The  effect  of  this  high  runout  was  evident  in  the 
dynamic  behavior  of  the  normal  applied  load. 

4.1.2  Applied  Load  and  Coefficient  of  Friction  (COF) 

Figures  3,  6  and  7  are  a  compilation  of  the  normal  (applied)  loads,  the 
frictional  loads  and  the  calculated  coefficients  of  friction  for  the  first  test, 
arm  1,  and  second  test,  arms  1  and  2,  respectively.  Although  Tester  2A  operat^^s 
with  two  loading  arms,  an  electrical  malfunction  in  the  recording  syster  in  arr 
^2  resulted  in  erroneous  readings  in  the  frictional  load  values  in  the  first 
experiment.  The  malfunction  was  isolated  and  corrected  prior  to  the  second 
test.  The  ratio  of  the  frictional  load  (FX)  divided  by  the  normal  applied  load 
(FY)  is  the  calculated  coefficient  of  friction  (COF).  Note  that  only  the  steady 
state  region  of  each  test  was  plotted  since  the  values  fluctuate  widely  in  the 
loading  and  unloading  regions. 

For  analysis,  each  of  the  load  curves  were  broken  down  into  two  components: 
the  mean  level  and  the  superimposed  oscillatory  valve.  Prelimina'^y  observation 
indicates  that  the  mean  level  is  a  function  of  the  frictional  behavior  of  the 
contacting  materials.  The  oscillatory  component  is  a  function  of  the  frictiona' 
behavior  combined  with  speed  and  runout  dependent  variables. 

Observe  that  the  mean  value  of  the  coefficient  of  friction  is  constant 
(O.S)  for  the  two  different  experiments,  while  the  peak  amplitude  of  the  alter¬ 
nating  component  is  different.  The  amplitude  of  the  alternating  portion 
measured  in  the  first  test,  which  had  larger  shaft  runout  and  was  tested  at  a 
higher  speed,  was  much  larger  than  that  of  the  second  test.  But  the  magnitude 
of  the  alternating  portion  of  the  frictional  load  for  each  test  was  approximately 
equal.  The  most  interesting  observation  is  that  the  range  of  COF  values  in  eacn 
test  was  notably  much  smaller  than  that  of  the  frictional  force.  This  result 
substantiates  the  conclusion  that  the  alternating  components  of  the  applied  load 
and  the  frictional  force  are  in  phase  to  some  degree.  Because  these  dynamic 
effects  were  not  observed  in  prior  shake-down  tests  using  much  softer  and  higher 
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wearing  materials,  initial  analysis  concludes  that  they  are  not  a  result  of 
dynamic  resonance  effects  but  of  a  combination  of  material  characteristics  anH 
large  shaft  runout  values. 

4.1.3  Combi ned  Wear 

The  effects  of  runout  can  also  be  seen  in  the  wear  curves.  The  wear  traces 
were  plotted  for  each  load  arm  in  figures  4  and  8  for  the  first  and  second 
test  respectively.  The  variation  in  the  wear  curves  are  in  the  range  of 
the  displacement  resulting  from  shaft  runout.  An  apparent  wear  rate  can  be 
observed  from  the  graph.  However,  because  the  magnitude  of  the  shaft  runout  was 
so  large  (compared  to  the  true  wear  scar  depth),  these  curves  can  be  misleading. 
When  wear  depths  are  small,  as  they  were  in  these  tests,  the  true  wear  scar 
depth  can  only  he  determined  by  a  profilometer  trace  upon  test  completion. 

Also  for  these  specific  load,  speed  and  material  conditions,  the  wear  scar 
depths  were  on  the  order  of  the  resolution  values  calculated  for  the  proximiter 
probes.  Although  not  an  absolute  measure,  the  curves  can  be  used  to  determine 
trends  in  the  wear  rate.  One  important  factor  was  observed  when  comparing  the 
the  wear  rate  in  arm  i=2  in  the  second  experiment,  with  the  magnitude  of  tne 
normal  load  (figures  6  and  8).  Investigation  shows  a  proportional  increase 
in  the  wear  rate  in  the  region  where  the  normal  load  was  increased.  Although 
this  is  not  a  complete  investigation,  this  observation  shows  a  general 
relationship  between  the  wear  rate  and  applied  load. 

The  final  set  of  figures  (9-12)  show  the  wear  scar  profile  and  deptn  at 
three  locations  along  the  line  of  contact  in  addition  to  the  photomicrographs  of 
the  wear  scar.  As  noted  previously,  the  wear  depths  vary  as  a  result  of  uneven 
stress  distribution.  In  each  of  the  figures,  the  sliding  direction  (S.D.)  is 
from  right  to  left. 

5.0  CONCLUSIONS 

The  results  of  the  experiments  above  indicate  that: 

1)  The  lowest  operational  speed  and  load  values  are  700  RPM  and  3.0  lbs 
(13. 3N)  respectively. 


2)  Large  shaft  runout  values  result  in  large  dynamic  variation  in  both  the 
applied  normal  load  and  wear  traces. 

3)  Dynamic  variations  in  the  applied  load  appear  to  be  dependent  on  the 
rotational  speed. 

4)  The  mean  coefficient  of  friction  value  for  the  ESK  KSiC  post  HIP-ed 
material  sliding  against  itself  is  ^0.5  and  has  a  superimposed 
oscillating  component  that  ranges  from  0.0  to  about  1.0. 

5)  Maximum  wear  of  the  ESK  post  Hip-ed  ASIC  flat  rubshoes  after  a  test 
duration  of  20  min  (ft;14,000  cycles)  was  approximately  90  micro  inches. 

6)  As  a  result  of  uneven  load  distribution  along  the  contact  length  of  the 
rubshoe,  the  depth  of  the  wear  scar  varied. 

6.U  RECOMMENDATIONS 

Assessment  of  the  test  hardware  behavior,  the  test  procedure,  and  the 

experimental  results  reveal  the  need  for  some  modifications  and/or  pvaluatior 

of  Tester  2A  operation.  The  following  additional  effort  is  recommended; 


1)  Evaluate  the  frequency  response  of  the  loading  arm  system  to  experimental  1.^ 
define  ♦'he  first  order  resonant  frequency.  The  ratio  of  operating  speed 
and  resonant  speed  will  determine  if  a  resonant  f'^equency  response  is 
contributing  to  the  osillatory  behavior  that  was  observed  in  tne 
experimental  results  (5). 

2)  Conduct  further  runout  testing  to  find  a  ceramic  collet  insert  whic*'  has  an 
acceptable  level  of  combined  runout  (less  than  U.0002  in).  The  typical 
runout  valves  for  the  two  ceramic  collets  available  for  use  are  on  tt^e 
order  of  0.0UJ7i n. 

3)  Perform  additional  balancing  of  the  two  load  actuators  prior  to  any  testing 
with  a  sinusoidally  varying  applied  load.  This  is  necessary  since, 
currently,  use  of  the  actuators  result  in  an  erroneous  frictional  Icjr 
conponent  even  when  there  is  no  contact  between  the  rod  and  rubshoes. 
Whether  this  error  is  proportional  to  the  applied  load  is  unknown  at  this 
poi nt. 


FUTURE  WORK 

The  goal  of  these  first  tests  was  to  lay  the  groundwork  necessary  to 
successfully  complete  the  scheduled  baseline  testing.  Initially,  baseline 
testing  will  include  four  materials  tested  under  four  different  temperature 


and  heat  treat  conditions  using  only  the  cylinder  of  flat  contact  geometry. 
Once  baseline  tests  are  completed,  the  matrix  of  test  variables  will  expand 
to  include  a  wide  range  of  contact  geometries,  surface  treatments  and  material 
combi  nations. 


Ill 


B.  L.  Soriano 


Approved  by: 


R.  E.  Hoover. 'He a d 
Advanced  Materials  Section 
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Table  1.  Material  combinations  for  the  initial  Tester  2A  experiments. 


Rod  and  Rubshoes  Material 

Main  Grain  Boundary 
Phase(s) 

Purchase  Requisition  No. 
for  Traceability 

Norton  NBD-100  SioN* 

(Sinter  +  HIP-ed) 

MgO-SiOj, 

PMgO-SiO^ 

324632 

Sohio  Engineered  Materials 
Hexoloy  80T-SA  Ot-SiC 
(Sintered  only) 

^2^3  * 

324631 

E 1 ek  t  rgschme 1 zwerk -Kempt en 
Ekasic  at  -SiC 
(Sinter  +  HIP-ed) 

Al  2^3  *  S i O2 

324627 

E 1 ektroschmel zwerk -Kempten 
Ekasic  Ot  -SiC 
(f ul ly  can-HiP-ed) 

Al203‘Si02 

324627 
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Test  conditions  for  the  initial  Tester  2A  experiments  and  projected 
test  condition  for  conpletion  of  baseline  investigation 
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•Combined  flange  of  Circumferential  and  Xong i tud i na  1  Measu rements  (2  ea ) . 
•Combined  Range  of  Length  and  Width  Measurements  (1  ea). 


Figure  2.  Shaft  runout  trace  prior  to  test  #1  as  measured  with 

proximiter  probes.  ESKP-Rod  1  and  stainless  steel  collet 
combination  (  2  revolutions). 


Figure  4.  CoMblned  rod  and  rubshoe  wear  as  a  function  of  tine,  test  #1 
ams  #1  and  #?  (Initial  values  are  set  arbitrarily). 
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Figure  6.  Normal  applied  load  (Fy),  frictional  force  (Fx),  and  calculated 
:oeff1c1ent  of  friction  (Fx/Fy)  measured  as  a  function  of  time. 
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ESK  EKaeic  ^SiC  "POST  HIP-ed"  ROD/FLAT  GEOMETRY  TEST  #2 

LOAD  VALUES  ARM  #1  11-17.7  N  <2. 5-4.0  Ibm) 

700  RPH 


Normal  applied  load  (Fy),  frictional  force  (Fx),  and  calculated 
coefficient  of  friction  (Fx/Fy)  measured  as  a  function  of  time. 
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ESK  EKasic  "POST  HIP-ed"  ROD/FLAT  GEOMETRY  TEST  #2 

LOAD  VALUES  ARM  m  11-17.  7  N  <2. 5-4.0  lbs) 

700  RPM 
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Figure  9a.  Surface  profile  of  rubshoe 
contact  area  (perpendicular 
to  wear  scar)  showing  wear  depth 


Figure  10a.  Surface  profile  of  rubshoe 
contact  area  (perpendicular 
to  wear  scar)  showing  wear  depth 
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contact  area  (perpendicular 
to  wear  scar)  showing  wear  depth 
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Figure  12a,  Surface  profile  of  rubshoe 
contact  area  (perpendicular 
to  wear  scar)  showing  wear  depth 
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CONTACT  WIDTH  =  0.375  IN 

NBD-100  F<x>=34.  16  X**.  5  X-LOAD 

HEXOLOY  SA  F  <x) -38.  30  X**.  5 
EKasic  FCx)=3g.  79  X**.  5 


APPENDIX  K 

H.  Kaplan,  “Summary  Report  on  Infrared  Pyrometer  Selection,”  Honeyhill 
Technical  Co.,  Norwalk,  CT,  01  August  1986,  Hughes  P.O.  S9-245763-Z6X 


Honeyhill  Technical  Co. 

193  East  Avenue,  Norwalk.  CT  06855 
Telephone:  (203)  838-8600 


August  1  ,  1986 


Hughes  Aircraft  Conpany 
Tactical  Engineering  Division 
P.O.  Box  902,  Building  E-1 
El  Segmdo,  CA  90245 

ATTENT1C3N:  Mr.  Leo  Fiderer,  MS  D145 

SUBJECT:  Sunmuury  Report  on  Infrared  Pyrooeter  Selection,  your  P.R.#  324612 
Gentlemen : 

The  subject  summary  report  with  recommendations  is  enclosed  herein.  The  report 
restates  the  measurement  task,  comments  on  each  of  the  candidate  instruments  and 
recoEomends  a  selection  as  follows: 

The  purpose  of  this  investigation  is  to  evaluate  five  infrared  pyrometers  intended 
for  use  on  the  Tribotester  2A  thermal  breadboard  tests  and  to  recoimnend  a  selection 
from  among  these  five  candidates  based  on  optimum  suitability  to  the  requirements. 

The  measurement  task  is  illustrated  on  HAC  82577  Figure  2,  a  copy  of  which  is  attached, 
and  defined  as  follows: 

Target  material:  Ceramic  test  rods,  0.375”  in  diameter  and  3.5”  long 
in  a  variety  of  materials  with  an  estimated  emissivlty  range  of 
from  0.6  to  0.95.  ^ 

E:q>ected  measurement  range:  500  to  1500  F. 

Accuracy:  -f  or  -  1.0%  of  reading 

Repeatability:  4  or  -  0.5%  of  reading. 

Spot  size  and  working  distanoe :  The  target  is  viewed  through  a  0.156" 

aperture  as  shown.  Considering  aiming  inaccuracies  and  the  field- 
of-view  spread  of  most  COTsnercial  instruments ,  the  selection  of  a 
0.050"  spot  size  is  appropriate.  The  working  distance  is  not  critical 
but  a  convenient  distanoe  would  be  from  4”  to  10”. 

Response  time:  0.1  second  or  faster. 

Pyrometer  sensing  head  (sensor)  reqviirements ;  The  sensor  should  be  as  small 
as  possible  for  versatility  in  future  use.  Aiming  is  critical  and 
should  be  as  convenient  and  reliable  as  possible. 

Spectral  region  of  operation:  The  instrument  should  operate  far  enough  into 
the  infrared  so  that  measurements  are  unaffected  by  visible  light 
and  by  energy  from  the  Infrared  line  heater  that  will  be  used  to 
heat  the  test  rods.  The  heater  radiance  is  peaked  at  0.85  vm  (microns) 
and  1.1  urn.  A  reasonably  safe  selection  for  the  pyrometer  would  be 
an  operating  region  of  3. Sum  or  longer. 

Output  requirements :  Analog  DC  voltage  to  a  chart  recorder  linear  with 
target  temperature.  1  millivolt /degree  F.  would  be  desirable  but 
the  scale  factor  is  not  critical.  Also  a  digital  display  of  target 
temperature  is  required. 

Special  environmental  considerations:  none 


^Honevhill  Technical  r.r> 

■  ■  193  East  Avenue,  Norwalk,  CT  06855 

Telephone;  (203)  838-8600 


Five  candidate  pyrometers  have  been  proposed  as  follows; 

1.  Ircgn  Maxline  Model  MX-M402-M402-0-3/2-0-0  with  optional  XZ-Z  lens. 

2.  j^d  Model  GP311  with  IJl4  cont roller /readout  unit  and  drop-in  aiming  sight. 

3.  Vyizettl  Model  TM2-A-1-C-00-3-P-E-51F-00-00  with  0H15-45-75mm  detector 

head  and  Model  ES15-1  fiber  optic  aiming  device. 

4.  Wahl  Model  HSM  674  with  close  focus  option  and  Model  600-1  indicator. 

5.  Williamson  Model  4515C-F-FOVS. 

Each  candidate  instrument  is  reviewed  as  follows : 


1 .  Ircon 


2.  Land 


The  instrument  offered  is  wrong  for  the  application,  principally  because  it 
has  a  minimum  spot  size  of  0.19".  The  offer  is  also  for  two  units  rather 
one.  This  offer  no  doubt  predated  your  most  recent  thinking.  I  phoned 
Ircon  and  reviewed  the  requirement  with  Mr.  Barry  Durr.  They  make  a  model 
which  is  mote  suited  to  the  application.  The  model  is  MX-M703-0000-1-0/0-0-0 
with  the  following  characteristics: 

!'  I 

Tenperature  range:  500  to  2500°F. 

Spot  size:  0.065*  at  5"  working  distance 
Spectral  range:  4.8  to  5.3um 

Accuracy:  +  or  -  0.5%  or  3°F.  whichever  is  greater 

Repeatability:  +  or  -  0,1%  +  or  -  one  digit  or  2°F.  whichever  is  greater 
Response  time:  0.025  seconds 

Outputs:  O-IOVDC  linear  with  tenperature ,  LED  display. 

Sighting:  Erect  through -the -lens  reticle. 

Sensor  dimensions:  ^prox.  10"  long  including  lens  and  sight,  approx  7"  dia. 
Price:  $8,040.00 
Delivery:  8-l0  weeks. 

Since  there  was  no  formal  proposal  from  Land,  I  phoned  Land's  Bob  Elfstrom 
to  discuss  the  requirement.  The  GP311  is  their  model  xsost  clceely  suited 
to  requirement  with  the  following  characteristics: 

Teirperature  range:  250  to  2750°P. 

Spot  size:  0.118"  at  5"  working  distzuice 
Spectral  range:  8-11. 5um 
Accuracy:  +  or  -  0.5%  +2®F. 

Repeatability:  +  or  -  0.2% 

Response  time :  1  second 

Outputs:  1  millivolt  DC/degree,  I£D  display 

Sighting:  Drop-in  mirror  accessory.  (Sighting  not  possible  during  measurement) 
Sensor  dimensions :  J^proximately  6"  long  x  2"  dia. 

Price;  $4,365.00 
Delivery:  4-6  weeks 
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Honevhill  Technical  Co. 


193  East  Avenue.  Norwalk.  CT  06855 
Telephone;  (203)  838-8600 


3.  Vanzetti 

nie  instrximent  offered  is  correct  for  the  application  but  the  nodel  code 
included  options  that  are  not  presently  necessary,  such  as  the  peeUc  sensor 
and  the  PID  controller.  Based  on  conversations  with  Vanzetti 's  John  DeCicco 
and  Jeff  Davis,  the  appropriate  model  designation  is  TM2-A-1-F-3-0-E-00-00- 
00-CHl5-4.5-75inm  with  the  following  characteristics: 

Teoperature  range:  500-1500°F. 

^ot  size:  0.050"  at  4"  working  distance 
Spectral  range:  4. Sum 
Accuracy:  +  or  -  1.0%  of  reading 
Bepeatability :  -i-  or  -  0.5%  of  reading 
Response  time:  selectable  i;p  to  0.005  seconds 

Outputs:  1  millivolt  DC/degree  linear  with  ten^rature,  LED  display 
Sighting:  Projected  reticle  light  spot  with  cross  hairs  (Option  model  LS15-1) 
Sensor  dimensions:  2.7"H  x  4.0"W  x  J^prox.  10"L  including  lens) 

Price:  $3,625.00 
Delivery:  4-6  weeks 


4.  Wahl 

No  proposal  was  received  from  Wahl.  According  to  the  Wahl  catalog,  the 
Model  HSM674  with  close  focus  option  and  600-1  indicator  appears  to  be  the 
one  most  closely  suited  to  your  application.  It  has  the  following 
characteristics : 

'temperature  range:  400-3000°F. 

Spot  size:  0.046"  at  4"  working  distance 
Spectral  range:  3.5  to  4.1um 
Accuracy:  4  or  -  1.0%  of  reading 
Repeatability:  or  -  0.5%  of  reading 

Response  time:  0.1  seconds 

CXitputs:  1  millivolt  DC/  degree  and  4-20  millianps ,  linear  with  temperature, 
I£D  display 

Sighting:  Ihrough-the-lens  reflective  with  reticle. 

Sensor  dimensions:  3.25"H  x  7.875"W  x  10.5”  long 
Price:  $4,060.00 
Delivery:  4-6  weeks 

5 .  Williamson 

The  instrument  quoted  is  the  Model  4515C-F-F0VS.  (There  appears  t->  be  a  slight 
error-  the  4515C  has  the  wrong  temperature  range  according  to  the  Williamson 
catalog.  The  45 15 D  has  the  range  quoted.)  The  characteristics  of  the 
Model  4515D-F-FOVS  are  as  follows: 

Teoperature  range :  500-1500^F. 

Spot  size:  0.1”  at  18"  working  distance 
Spectral  range:  S.lum 
Accuracy:  +  or  -  1.0%  of  reading 
Readability:  +  or  -  0.5%  of  reading 

CXitputs :  Three  DCoutputs  including  1  millivolt/degree  linear,  LED  display 

Sighting:  See  through,  non-parallax 

Sensor  dimensions:  6"H  x  3.875"W  x  15"long 

Price:  $4,500.00 

Delivery:  5-6  meks 

V<*3 
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My  recommendation  is  the  Vanzetti  Model  TM2-A-l-F-3-0-E-00-00-00-0H15-4.5-75nmi 
(Price  $3,185.00)  with  a  Model  LS15-1  Backlighting  Source  and  CW15-0005-2  fiber 
optic  projector  {Price-$340.00)  which  will  will  provide  an  illuminated  projected 
aiming  spot.  Please  note  that  this  instrument  is  a  direct  measuring  instrument 
and  is  not  fiber  optic  coupled.  Fiber  optics  do  not  transmit  adequately  at  the 
4. Sum  spectral  range. 

In  addition,  I  recommend  you  purchase  the  calibration  reference  source.  Model  1550B 
(Price<-$1,750.00)  which  will  allow  you  to  check  the  instrument  calibration 
periodically  to  assure  the  validity  of  your  data. 

Although  price  was  not  a  major  consideration,  the  Vanzetti  system  is  the  least  expensive 
of  the  five  candidates 

In  terms  of  your  application,  this  instrument  meete  the  range  and  repeatability 
requirements,  as  do  all  the  candidates.  Die  spot  size  of  0.050"  at  4"  is  conpatible 
with  your  0.156"  aperture.  Pleaise  be  aware  that  the  spot  size  is  generally  understood 
to  mean  that  05  to  90%  of  the  energy  at  the  target  within  that  spot  reaches  the 
instrument.  In  our  phone  conversation,  Mr.  Jeff  Davis  of  Vanzetti  assured  me  that 
at  least  99%  of  the  energy  in  a  0.100"  spot  at  the  target  would  reach  the  instrument, 
thus  assuring  you  that  the  0.156"  would  result  in  no  detectable  aiming  error. 

Die  compact  sensing  head  is  an  advantage  to  you  since  some  of  your  future  work  may  limit 
the  space  in  which  you  may  work.  Die  4. Sum  spectral  range  is  far  enough  into  the 
infrared  to  assure  no  interference  from  the  quartz  heater  or  from  visible  sources 
such  as  the  projected  aiming  spot. 

Die  deciding  factor  was  the  aiming  system  which  no  other  candidate  instrument  offers. 
Diis  projects  a  high  intensity  light  beam  with  a  darkened  cross  hair  onto  the  target 
surface.  Diis  will  allow  you  to  aim  and  reaim  without  bending  to  sight  through  the 
instrument's  optics,  and  will  enable  you  to  observe  if,  for  any  reason,  the  instrument 
becomes  no  longer  aimed  or  focussed  on  the  target. 

Die  price  of  the  recommended  instrument  ccsnes  to  $3,625.00  according  to  my  calculations 
with  an  additional  $1,750.00  for  the  calibration  source.  I  suggest  you  recheck  model 
designation,  price  and  delivery  with  the  manufacturer  prior  to  ordering. 

Please  don't  hesitate  to  phone  if  you  have  any  (questions  regarding  this  report. 


Very  truly  yours , 

Honeyhill  Technical  Company 


Heriiert  Kaplan,  General  Manager 
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PYROLASER  Description  and  Specifications,  Pyrometer  Instrument  Co., 
Inc.,  Northvale,  NJ,  Tech.  Bulletin 


THE  PVROMBTBII  INSTRUMENT  CO..  INC.*  NQRTHVALE.  NEW  JERSEY  07647 
AREA  CQOe  1201}  768-2000  •  TWX  (W.U4  710*99 l•94n 


"PYRO-USER” - MEH  PATEMTEO  PYROMETER  TECHNOLOGY 

The  PYROLASER  ie  an  infrared  redietion  pyroaetar  uhich  eliainatas  two  aajor  aoureaa 
of  error  related  to  non-contact  teaperature  aaaaureaanta  fay  introducing  Laaer  and 
aicro-proceaaor  technology: 

■  The  eaiaaivity  of  radiating  aurfacaa  ia  preciaely  aeaaured  with  a  laaar  baaa. 

■  Radiation  froa  extraneoua  aourcea  ia  aeaaured  and  accounted  for  prior  to  uae  of 
Planck* a  equation  calculationa  for  True  Teaperature. 

PYROLASER  aay  be  uaed  aa  a  portable  inatruaient  with  internal  data  logger  or. on-line 
for  coaputer  proceaa  control.  v 

Meaaured  Paraaeterai  Corrected  Teaperature.  Uncorrected  Teap. .  Baiaaivity  t  Diatance 


LASER  -  PYROMETER  -  PRBLIMlilARY  SPECS 


Teaperature  Range: 

600*C  -  1500*C  (1100  -  2730*F) 

Rcaolution: 

1*C  (1*F) 

Accuracy: 

3*C  (5*F) 

Repeatability: 

1*C  (1*F) 

Diatance  Range: 

2b  -  10a  (7  ft.  -  33  ft.) 

Eaiaaivity  Range: 

0,5  -  1.00 

LED  Diaplay  in  Viewfinder: 

A  digit  LED  corrected  teaperature 

LCD  Diaplay: 

40  character  readout  of:  diatance,  eaiaaivity, 
uncorrccted  teaperature  4  corrected  teaperature 

Operating  Wavelength: 

0.865  aicrona  *  0.015  , 

Viaual  Field  of  View: 

7* 

I.R.  Heaauring  Field: 

1/3* 

Target  Siae: 

loa  8  2b  (0.4"  8  7  ft.) 

Acquiaition  Tiae: 

la 

Saaplea/Meaaureaent: 

900 

Storage  Capacity: 

600  aeta  of  Beaauraaenta  (tiae,  location,  diatance 
eaiaaivity,  uncorrected  teaperature,  4  corrected 

1 

teaperature) 

Output: 

RS  232,  baud  rate  aelectable 

Power  Supply: 

2  X  9V  rechargeable  NiCd  faatteriea 

Operating  Tiae  with  Fully 

•1 

Charged  Batteriea: 

2h  or  400  aeaaureaenta 

Operating  Aabient  Teaperature: 

0  to  +50*0  (32*F  -  125*F) 

Storage  Teaperature: 

-20*C  to  ♦70*C  (0  -  160*F) 

Diaenaiona: 

318  X  211  X  74aa  (12  1/2  x  8  x  3") 

Weight  with  Batteriea: 

3kg  (6  Iba.) 

THE  LEAOER  IN  NON-CONnACT 

TEMPERATURE  MEASUREMENT 

•  ThennAbMa*—ProvidM  visual  «nd  photo  ^ 
record  of  target  temperature  profile.  Widefy  used 
for  electrical  and  tnachtoaty  inapaetton.  \  'A  .  r - 

v  ;  T 

•  Instatherm'r'— Portable  analog  or  digilal  InatiiK  - 

men!  for  field/planl  non-cordact  laiiiper|luiet.)L  ' 
Audio^put.  Low  coat,  r  • 

■ 

,*  PHT-S-Preciaion  I.R  ayatem  te atiMromtaftti^r ;  - 
^  atmospherictoceanic  applicatlonalneliidjnQ^^'^^- 

t'«  Optitherm  ll*-On^ina'una  widaly.'uaa^ftt^^^i  ' 
&  inataiafplaatlcafceiamicaltoodf|alaaa  jpd|gjWE^  i 

|:Output  4-20^ 

:  •  Photo  ll'-Preciaian  autoindloop^^'‘i^^^- 
Pyrometer.  (TBO-IOOOOQ 


<  Temp-Shooter  l/U•-PortabA  <Kgilal.iui4  apflas 
instruments  covering  (-40  to  320an  iangst(?''j%;: 

>  Micro-Opticel-Preciaiim 


(TOO-IOOOOC) 


PYMmnER  mSTRUMEIIT  ca.  MC 

234  Industrial  Parkway.  RO.  Box  174 
Northvale,  New  Jersey  07647 
(201)  768-2000(800)  HOT  PYRO 

(800)  792-  PYRO  (NJ) 
TWX  (WU)  710-991-9611 
FACS  201-768-2570 


PYROLASER'* 

Ihmperalure  Range: 

eoo^c-isoo-c 


(1100-2730*F) 


Accuracy: 


3»C  (5*F) 


Distance  Range: 


SPECIFIC 

EmissivO) 

0.45-1^ 


=tcmai 

iv^^Nange: 


;  ^Thrgat  Idantiflcation 

•  Numeric  Data  Entry 

•  Focus  and  Fire  .waMt 

•  Set  Values  ’ 

•  Select  Mode(s) 

•  Data  Recall 

•  Operation  Functions 

•  Computer  Functions:  erase,  baud  rate,  units 
selected,  alarm  limits  set 

•  Statistics 
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W.O.  Winer,  “Tester  2A,”  technical  letter  to  M.N.  Gardos  (Hughes)  from 
the  Georgia  Institute  of  Technology,  13  April  1987 


OlOMIATtCM  IMS-mS 


THE  GEORGE  W.  WOODRUFF  SCHOOL  OF 
MECHANICAL  ENGINEERING 


DESIOf^ING  TOMORROW  TODAY 


April  13,  1987 


Mr.  Michael  N.  Gardos 

Program  Manager 

Technology  Support  Division 

Hughes  Aircraft  Company 

P.O.  902  -  Bldg.  El 

Mail  Stop  F  150 

El  Segundo,  California  90245 

Dear  Mike: 

Re :  Hughes  Tester  2A 

I  enjoyed  the  meeting  last  week  and  was  pleased  we  were  able 
to  be  of  assistance  to  Leo.  There  are  two  aspects  of  the  Tester 
2A  which  I  would  like  to  further  comment  on.  These  are  (a)  the 
friction  measurement  and  (b)  the  IR  surface  temperature 
measurement . 

(a)  The  friction  measurement:  Leo  understood  our  criticism 

that  as  wear  takes  place  the  measured  forces  are  no 
longer  what  you  think  they  are.  However,  if  I 
understood  Leo's  talk  correctly,  I  don't  agree  with  his 
solution.  He  seemed  to  imply  that  he  knew  where  the 
real  contact  point  is  in  the  apparent  contact  as  wear 
proceeds,  and  therefore  could,  through  straightforward 
vector  analysis  relate  the  real  normal  and  friction 
forces  to  the  two  measured  forces.  I  disagree  with  the 
assumption  that  you  know  where  the  real  point  of  contact 
is.  It  is  our  experience  that  the  real  area  of  contact 
jumps  unpredictably  around  in  the  apparent  area  of 
contact.  If  you  don't  know  where  the  contact  point  is 
the  analysis  can  only  predict  the  bound  on  a  range  of 
values;  e.g.,  when  the  real  area  of  contact  is  at  one 
extreme  position  or  the  other.  You  have  no  way  of 

knowing  where  it  is  in  that  range  and  therefore  no  way 
of  knowing  the  relationship  of  the  measured  forces  to 
the  real  contact  normal  and  friction  forces,  and 
therefore  no  way  of  knowing  the  actual  coefficient  of 
friction. 


Georgia  Institute  of  Technology 

Atlanta,  Georgia  30332-0405 


Af.  Equal  Education  and  Employment  Opportunity  Institution 


A  Unit  of  the  University  System  of  GeOf9ia 
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I  have  attached  two  sheets  showing  the  analysis  and  a 
plot  of  the  relationship  of  the  band  of  "measured 
coefficient  of  friction"  as  a  function  of  real 
coefficient  of  friction  and  wear  depth.  I  predict  what 
you  will  observe  in  an  experiment  as  wear  progresses  is 
first  a  well-behaved  friction  coefficient  and  then  as 
wear  depth  increases  you  will  get  an  even  widening  band 
of  fluctuation  of  “measured  coefficient  of  friction"  as 
a  result  of  the  real  location  of  contact  jumping  around 
in  the  apparent  area  of  contact  (e.g.,  wear  groove). 
The  only  solution  I  can  see  at  this  time  is  to  restrict 
your  friction  measurements  to  periods  where  the  wear  is 
less  than  some  small  value,  say  10"^  inches. 

Incidentally  the  flexibility  of  your  load  cells 
aggravates  the  problem  but  stiffer  load  cells  probably 
would  not  eliminate  it. 

I  have  attached  a  couple  of  our  reprints  on  hotspots 
only  to  document  and  remind  you  of  how  unpredictable 
they  are. 

(b)  IR  Surface  Temperature  Measurement;  After  seeing  your 
rig  and  hearing  you  and  Leo  discussing  it  my  suggestion 
is  simply  to  abandon  this  measurement.  If  you  get  the 
new  sensor  and  make  all  the  corrections  necessary  to 
your  satisfaction  (which  I  doubt  you  can)  you  will  at 
best  be  measuring  the  cylinder  bulk  temperature.  The 
route  you  are  taking  involves  uncertainties  and 
aggravation  totally  out  of  proportion  with  the  best 
possible  outcome. 

We  have  done  a  lot  of  analysis  and  experimental  work 
with  hotspots  and  surface  temperature.  Source  reprints 
to  support  my  comments  are  attached.  Both  experiment 
and  analysis  indicate  that  when  you  get  3  to  4  hotspot 
diameters  away  from  the  hotspot  itself  the  surface 
temperature  is  essentially  that  of  the  bulk  specimen. 
Typical  hotspot  diameters  are  50  to  100  micrometers  so 
by  the  time  the  surface  passes  out  of  the  apparent  area 
where  you  can  see  the  surface,  the  temperature  is 
essentially  the  bulk  temperature.  In  addition  your 
detector  spot  size  is  much  bigger  than  any  hotspot  is 
expected  to  be  and  you  have  the  background  radiation 
problem  from  your  heaters.  If  in  the  long  run  the  best 
you  can  expect  to  do  is  measure  the  bulk  specimen 
temperature,  don't  fight  it,  don't  buy  more  detectors. 
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abandon  this  method  for  an  easier  one  to  measure  the 
bulk  temperature. 

I  recommend  fabricating  a  cap  to  slip  over  the  exposed 
end  of  the  RCF  rod.  The  cap  should  be  thermally 

insulated  and  result  in  a  black  body  cavity  at  the  end 
of  the  rod.  Put  a  hole  in  the  cap  at  the  axis  of 
rotation  and  either  use  your  current  IR  detector  to 
measure  the  radiation  out  of  the  hole  (note  the 
emissivity  will  be  one  and  the  temperature  the  bulk  RCF 
specimen  temperature)  or  put  a  non-rotating  thermocouple 
or  thermistor  in  the  hole  to  measure  the  cavity 
temperature.  This  is  much  simpler  and  more  reliable. 
There  will  be  a  time  lag  associated  with  thermal 
transients  but  it  can  be  calculated.  1  don't  believe 
this  lag  would  be  a  problem  in  any  of  the  work  I  have 
heard  you  propose. 

If  you  would  like  to  discuss  these  comments  further,  give  me 


Sincerely  yours. 


Ward  O.  Winer 
Regents'  Professor 


wow/kf 

Attachments 
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Leo  Fiderer 
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MECHANCAL  TECHNOLOGY  INC. 


July  27,  1987 


Mr.  Michael  N.  Gardos 
Program  Manager 
Hughes  Aircraft  Company 
Bldg.  El,  M.S.  F150 
P.O.  Box  902 

2000  East  El  Segundo  Blvd. 
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Pursuant  to  the  reporting  requirements  of  the  subject  matter, 
attached  is  the  letter  type  report  covering  work  performed  under  the 
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MECHANICAL  TECHNOLOGY  INC  968  ALBANY-SHAKER  ROAD  LATHAM.  NEW  YORK 


12110  518/785-2211  TELEX  685-4572  MTILATMUW 


ROTOR  AND  STRUCTURAL  DYNAMIC  ANALYSIS 
AND  ASSESSMENT  OF  HUGHES  TRIBOTESTER  2A 


Based  on  an  overall  review  of  the  assembly  drawing  (Reference  2),  critical 
components  were  identified  which  might  have  an  effect  on  the  operation  of  the 
test  rig.  It  appeared  that  there  are  three  major  items  that  must  be  given 
focused  attention: 

1.  Dynamic  force  due  to  runout  of  the  rotating  rod  specimen 

2.  Load  and  coefficient  of  friction  measurements  and  their  interlocking 
relationship  with  Item  No.  1. 

3.  Wear  measurements,  their  accuracy  and  interlocking  relationship  with 
Item  No.  1 


APPROACH 


The  loader  arm  was  decoupled  from  the  spindle  in  order  to  conduct  a  first  order 
analysis  (see  Figure  1  of  Attachment  1).  A  small  (0.1  mill)  eccentric  orbital 
motion  due  to  runout  of  the  rotating  rod  specimen  was  assigned  to  the  contact 
end  of  the  arm.  If  it  is  assumed  that  the  rotating  rod  is  very  rigid  and  does 
not  undergo  any  displacement  or  deflection  due  to  static  or  dynamic  loading  of 
the  arm  (see  details  in  Attachment  1)  results  of  this  analysis  indicate  that  a 
dynamic  load  in  addition  to  the  applied  load  exists  and  is  a  function  of  the 
moment  of  inertia  of  the  arm,  the  level  of  out  of  roundness  of  the  rotating  spec¬ 
imen  and  is  proportional  to  the  square  of  rotational  speed.  Since  the  dynamic 
load  f<j  is  cyclic,  each  arm  introduces  fj  to  the  rotating  specimen.  Calculation 
of  the  rotor  angular  stiffness  based  on  the  simple  spindle  model  shown  in  Figure 
2  indicates  that  the  rotor  undergoes  an  additional  displacement  at  the  contact 
point  of  the  same  order  of  magnitude  as  the  mechanical  runout  assigned  to  Che 
loader  arm.  This  displacement  exaggerates  the  dynamic  loading  on  the  test  spec¬ 
imens  . 


Therefore,  ic  was  decided  to  utilize  three  level  finite  element  analytical  tools 
for  rotordynamic  analysis.  Figure  3  shows  a  schematic  drawing  of  the  Hughes 
tribotester  2A  model.  As  seen  in  the  model,  loader  arms  are  coupled  with  rotat¬ 
ing  specimens  via  Hertzian  contact  stiffnesses  K.  In  other  words,  loader  arms 
can  be  assumed  as  a  lumped  mass  at  the  end  of  the  spindle  rotor.  Proper  stiff¬ 
nesses  were  assigned  to  the  rotor  bearings  and  to  the  pivot  bearings  of  the  arm 
as  well  as  loader  springs  (details  of  the  model  are  given  in  Attachment  2).  The 
range  of  contact  stiffness  K  was  evaluated  based  on  pin  and  rotating  specimen 
geometries  and  physical  properties  of  specimens.  The  results  of  evaluations  of 
twenty  combinations  of  spherical  and  flat  surfaces  in  contact  with  cylindrical 
specimen  under  various  static  loads  are  given  in  Table  1.  Detailed  input  and 
output  to  the  MTI  EHD  computer  program  is  given  in  Attachment  3.  The  average  K's 
from  Table  1  wet'e  used  in  the  dynamic  model. 

The  result  of  dynamic  analysis  indicated  that  the  first  natural  frequency  of  the 
system  appeared  to  be  occurring  at  1A710.  rpm  dominated  by  rotor  motion  and  two 
others  at  2A460,  30131  rpm  and  so  on.  The  second  natural  frequency  of  the  system 
24460  rpm  was  dominated  by  the  loader  arm  motion.  The  loader  arm  up  to  the 
second  natural  frequency  of  the  system  was  following  closely  Che  rotating  speci¬ 
men  (in-phase).  However,  beyond  this  speed  the  motion  of  the  loader  arm  was  not 
in  phase  with  the  motion  of  Che  rotor.  Figure  4  shows  rotor  and  structural 
dynamic  mode  shape  at  Che  first  critical  speed.  As  seen  in  this  figure,  rotor 
displacement  mode  dominates  the  system  mode.  Where  as  in  Figure  5  (plots  of 
mode  shape  at  the  second  critical  speed)  the  loader  arm  dominates  the  systems 
dynamic  motion. 

A  parametric  study  was  conducted  based  on  Che  described  finite  element  model  of 
the  system  to  identify  dynamic  loads  on  the  test  specimen  at  various  operating 
conditions  for  various  eccentricity  levels.  It  should  be  mentioned  chat  a  very 
conservative  runout  condition  was  assumed  here  (i.e.,  perfect  circular  eccen¬ 
tric  motion).  For  instance,  if  the  shape  of  the  rotating  specimen  was  assumed 
CO  be  elliptical  at  the  contact  region,  then  the  assigned  frequency  ui  would  be 
doubled  for  a  given  operating  rotational  frequency,  thus,  resulting  dynamic 
forces  would  increase  by  a  factor  of  u  .  Also,  system  response  as  well  as  mode 
shape  could  be  totally  different  than  chat  presented  here. 


since  the  analytical  prediction  indicated  that  the  first  critical  speed  occurs 
at  14710  rpm,  dynamic  forces  as  a  function  of  rotor  speed  analysis  was  limited 
to  12000  rpm,  and  rotor  eccentricity  values  of  0.1  mil  up  to  1.0  mill  was  consid¬ 
ered.  Corresponding  maximum  dynamic  load  versus  speed  are  given  in  Table  2  and 
Figure  6.  From  the  plots  of  Figure  6  it  can  be  concluded  that  the  test  load 
variation  is  insignificant  at  very  low  speeds  for  small  runouts.  However, 
dynamic  load  increased  exponentially,  as  rotor  speed  increased.  To  explore  the 
effect  of  dynamic  load  furthermore  Figure  7  is  given  with  related  analytical 
derivations.  In  Figure  7,  Ry  and  Ry  is  the  force  vectors  that  the  test  instru¬ 
ments  will  be  recording  at  the  pivot  bearing  locations  of  the  loading  arm. 
Since  dynamic  load  is  superimposed  (see  sketch  of  Table  2)  over  static  load 
(applied  test  load),  therefore,  coefficient  of  friction  of  particular  test  spec¬ 
imens  of  interest  seem  to  be  a  complex  function  of  static  and  dynamic  loads. 
Although,  it  is  assumed  that  the  dynamic  coefficient  of  friction  is  equal  to  the 
static  coefficient  of  friction,  in  these  derivations.  In  order  to  minimize 
drastic  variation  of  coefficient  of  friction  for  any  given  test  run  it  is  recom¬ 
mended  to  maintain  rotating  test  specimen  runout  to  its  lowest  value  as  much  as 
possible  and  also  test  speed  should  be  limited  to  3000  rpm.  It  should  be  noted 
that,  the  test  speed  based  on  this  analysis  is  not  limited  by  the  natural 
frequency  of  the  leader  arms  but  however,  it  should  be  limited  based  on  exces¬ 
sive  dynamic  forces. 


WEAR  MEASUREMENTS  WITH  BENTLEY  NEVADA  PROBE 


As  shown  in  the  dynamic  analysis,  distant  probes  output  if  indicates  same  dynam¬ 
ic  components,  they  should  not  be  filtered  out  as  a  parasite  noise.  Instead, 
they  should  be  thoroughly  evaluated  in  connection  with  dynamic  loads  if  there 
exists  such  loads  during  test  operations.  In  addition  to  wear  depth  and  dynamic 
motion  of  loader  arms,  it  should  be  kept  in  mind  that  thermal  expansion  of  the 
components  is  function  of  test  period  and  will  effect  the  accuracy  of  the  probe 
readings.  It  is  strongly  recommended  to  install  a  thermocouple  closer  to  the 
tip  of  the  probes  in  order  to  correct  probe  output  versus  ambient  temperature, 
because,  these  probe  outputs  are  sensitive  to  the  ambient  temperature.  Good 
calibration  of  the  probe  versus  ambient  temperature  would  be  extremely  helpful 
to  this  project  endeavor. 
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ATTACHMENT  1 


ANALYTICAL  MODEL  OF  LOADER  ARM  OF  HUGHES  TRIBOTESTER  2A 
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FIG.  5  HUGHES  TRIBOTESTER  -  MODE  SHAPE  AT  SECOND  CRITICAL  SPEED 
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TABLE  2 

HUGHES  TRIBOTESTER 

ROTOR  AND  STRUCTURAL  DYNAMIC  ANALYSIS 

RESPONSE  TO  ECCENTRIC  ORBITAL  MOTION  (RUNOUT) 
OF  ROTATING  ROD  SPECIMEN 
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ROTOR  &  STRUCTURAL  DYNAMIC  ANALYSIS  OF  HUGHES  TRIBOTESTER 
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HUGHES  TURBOTESTER  -  ROTOR  AND  STRUCTURAL  DYNAMIC  MODEL 
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FINITE  ELEMENT  ANALYTIC  TOOL  FOR  UTILITY  ROTORDYNAMIC  EVALUATION  V  2.0  lO-tO-85  BY  MECHANICAL  TECHNOLOGY  INC. 
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ATTACHMENT  3 


SOLID  CONTACT  LOAD  &  DEFLECTION  ANALYSIS 
OF  HUGHES  TRIBOTESTER  2A  SPECIMENS 
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ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul-*‘U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


L  e  ,)jr  25^  h  tP 


40000000.0 

40000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

4.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.3536820E-02 

0.2517040E-02 

214535.0 

0.4613640E-04 

130049.0 


0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

5.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.3809930E-02 

0.2711400E-02 

231100.0 

0.5353660E-04 

140091.0 


0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

6.0 

0.0 

0.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (U)+U2)/2  (IN/SEC) 


(J-70 


0.0 

0.0 

0.4048660E-02 

0.2881300E>02 

245580.0 

0.6045570E-04 

148869.0 

0.0 


VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 

0.375 

0.25 

0.1000000E-*-13 

0.25 

3.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.2983080E-02 

0.2122960E-02 

226181.0 

0.3282040E-04 

137110.0 


0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

4.0 


0.0 

0.0 

0.0 

0.0 


0.0 

0.3283290E-02 
0.2336620E-02 
248945.0 
0. J975920E -04 
150909.0 


0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/ IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 
ELASTIC  MODULUS  OF  BODY  2  (PSI) 
POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 


M-7i 


0.375 

0.25 

0.1000000E+I3 

0.25 

5.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3536820E-02 

0.2517040E-02 

268168.0 

0.A613640E-04 

162561.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

5.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3328290E-02 

0.2368640E-02 

302825.0 

0.4085590E-04 

183572.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

4.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0. 30897 lOE-02 
0.2198850E-02 
281118.0 


RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (tn> 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (UUU2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 


M-  7L 


0.3520860E-04  DEFLECTION  (IN) 

170413.0  STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 

0.0  EHD  FILM  THICKNESS  (IN) 


60000000.0 

60000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

3.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.2807180E-02 

0.1997780E-02 

255414.0 

0.2906410E-04 

154830.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  QN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


80000000.0 

60000000.0 

0.28 

0.27 

0.375 

0.25 

O.lOOOOOOE+13 

0.25 

3.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.2685350E-02 

0.1911080E-02 

279114.0 

0.2659610E-04 

169198.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


80000000.0 

60000000.0 

0.28 

0.27 

0.375 

O.IOOOOOOe-^13 

0.1000000E4-13 

0.1000000e>13 

8.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 


H-75 


.18 

.375 

0.0 

0.0 

0.0 

1000000.0 
0.3209740E-03 
15867.2 
0. 99644 70E-06 
8622880.0 
0.0 

40000000.0 

40000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE-^13 

O.lOOOOOOe-^13 

8.0 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.4201640E-03 

12121.4 
0.1631590E-05 
5284380.0 
0.0 

40000000.0 

40000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe+13 

0.1000000E4-13 

O.lOOOOOOe-^13 

11. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0,4926860E-03 

14213.5 
0.2191900E-05 
5418520.0 
0.0 

40000000.0 


EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  ( IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  ( IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul-*-U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 


f^-74 


40000000.0 

0.28 

0.27 

0.375 

0.1000000e-M3 

O.lOOOOOOE-t-13 

O.lOOOOOOe-^13 

13. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.5356060E-03 

15451.8 

0.2558480E-05 

5491650.0 

0.0 


ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/ IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE-^13 

O.lOOOOOOe+13 

13. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.4790600E-03 

17275.6 

0.2080920E-05 

6743000.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE-t-13 

O.lOOOOOOe+13 

11. 

.18 

.375 

0.0 

0.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  Cf EFFICIENT  ( IN/LB) 


1000000.0 

0.4406720E-03 

15891.2 

0.1782410E-05 

6654770.0 

0.0 

50000000.0 

50000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE+13 

O.lOOOOOOe+13 

8. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.3758060E-03 

13552.1 

0.1326280E-05 

6492830.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE+13 

0.1000000e>13 

8. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.3430620E-03 

14845.6 

0.1119540E-05 

7684350.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

0.100000064-13 


MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul-»U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB /IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul-*-U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 


►J-  76 


O.lOOOOOOE+13 

0.1000000et>13 

11. 

.18 

.375 

0.0 

0.0 


0.0 

1000000.0 

0.4022760E-03 

17408.0 

0.1505010E-05 

7873310.0 

0.0 


CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


60000000.0 

60000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-i-13 

O.lOOOOOOEi-13 

0..1000000e+13 

13. 

.18 

.375 

0.0 

0.0 

0.0 

1000000.0 

0.4373200E-03 

18924.5 

0.1757350E-05 

7976200.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/ IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


M-  77 


LATHAM  HESHMAT  7/20/87  15:42:17  C.M.T.  WAS  THE  ORIGIN*********-* 

yiy>f^  tr  Iff 


M-78 


40000000.0 

40000000.0 

0.25 

0.2S 

0.375 

O.lOOOOOOe-i-13 

O.lOOOOOOE+13 

O.lOOOOOOe+13 

8.0 

0.375 

0.2 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1670920E-05 

5156110.0 

0.0 

40000000.0 

40000000.0 

0.25 

0.25 

0.375 

O.lOOOOOOe+13 

O.lOOOOOOE+13 

O.lOOOOOOe+13 

8.0 

0.1 

0.1 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1430410E-05 

6102000.0 

0.0 

40000000.0 

40000000.0 

0.25 

0.25 

0.375 

0.1000000E-«-13 

O.lOOOOOOE-i-13 

O.lOOOOOOE+13 

8.0 

0.2 

0.2 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/ IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/ IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

»J-79 


0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1595890E-05 

SA18140.0 

0.0 


VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.25 

0.25 

0.375 

0.1000000E-»-13 

O.lOOOOOOE+13 

0.1000000E4-13 

8.0 

0.4 

0.4 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1761360E-05 

4872110.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


400QO00Q.0 

40000000.0 

0.25 

0.25 

0.375 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

0.1000000E4-13 

8.0 

0.4 

0.4 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1761360E-05 

4872110.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.25 

0.25 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 
ELASTIC  MODULUS  OF  BODY  2  (PSI) 
POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 


N-  Bo 


0.375 

O.lOOOOOOE+13 

0.I000000E>13 

0.1000000E-i>13 

8.0 

234e+13 

234e+13 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1042860E-04 

776005.0 

0.0 


RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (!N/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.25 

0.25 

0.375 

O.lOOOOOOE-^13 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

8.0 

534e-6 

534e-6 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 

0.1812380E-06 

0.1293000E+09 

0.0 


ELASTIC  MODULUS  OF  BODY  I  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


40000000.0 

40000000.0 

0.25 

0.25 

0.375 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

8.0 

534e-6 

534e-6 

0.0 

0.0 

0.0 

1000000.0 

0.4231420E-03 

12036.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/ IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  ( IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 


0.1812380E-06 

0.1293000E-^09 

0.0 


DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


tJ-  82. 
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80000000.0 

ELASTIC  MODULUS  OF  BODY  1  (PS I) 

60000000.0 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

0.28 

POISSONS  RATIO  FOR  BODY  1 

0.27 

POISSONS  RATIO  FOR  BODY  2 

0.375 

RADIUS  OF  BODY  1  (IN) 

O.lOOOOOOe-^13 

RADIUS  OF  BODY  2  (IN) 

O.lOOOOOOE-i-13 

CROWN  RADIUS  OF  BODY  1  (IN) 

O.lOOOOOOE+13 

CROWN  RADIUS  OF  BODY  2  (IN) 

8.0 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

0.19 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.5e-2 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.0 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

0.0 

VISCOSITY  (REYNS) 

0.0 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

1000000.0 

MAJOR  HALF  WIDTH  (IN) 

0.3209740E-03 

MINOR  HALF  WIDTH  (IN) 

15867.2 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

0.6598560E-06 

DEFLECTION  (IN) 

13532400.0 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 

0.0 

EHD  FILM  THICKNESS  (IN) 

40000000.0 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

40000000.0 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

0.28 

POISSONS  RATIO  FOR  BODY  1 

0.27 

POISSONS  RATIO  FOR  BODY  2 

0.375 

RADIUS  OF  BODY  1  (IN) 

O.lOOOOOOe+13 

RADIUS  OF  BODY  2  (IN) 

0.1000000Efl3 

CROWN  RADIUS  OF  BODY  1  (IN) 

O.lOOOOOOE+13 

CROWN  RADIUS  OF  BODY  2  (IN) 

8.0 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE 

:  CONTACT) 

0.19 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.5e-2 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.0 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

0.0 

VISCOSITY  (REYNS) 

0.0 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

1000000.0 

MAJOR  HALF  WIDTH  (IN) 

0.4201640E-03 

MINOR  HALF  WIDTH  (IN) 

12121.4 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

0.1128290E-05 

DEFLECTION  (IN) 

7916,120.0 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 

0.0 

EHD  FILM  THICKNESS  (IN) 

40000000.0 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

40000000.0 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

0.28 

POISSONS  RATIO  FOR  BODY  1 

0.27 

POISSONS  RATIO  FOR  BODY  2 

0.375 

RADIUS  OF  BODY  I  (IN) 

O.lOOOOOOe-^13 

RADIUS  OF  BODY  2  (IN) 

0.1000000E-fl3 

CROWN  RADIUS  OF  BODY  1  (IN) 

O.lOOOOOOE-i-13 

CROWN  RADIUS  OF  BODY  2  (IN) 

11. 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

0.19 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.5e-2 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT 

DEFLECTION 

(IN) 

0.0 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

K)-<S4 


0.0 

0.0 

1000000.0 

0.4926860E-03 

14213.5 

0.1499860E-05 

8221010.0 

0.0 


VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN)  |3 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 

EHD  FILM  THICKNESS  (IN)  — 


40000000.0 

40000000.0 

0.28 

0.27 

0.375 

0.1000000e>13 

O.lOOOOOOE+13 

O.lOOOOOOE-^13 

13. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.5356060E-03 

15451.8 

0.1740620E-05 

8390530.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 

0.375 

0.1000000e-M3 

O.lOOOOOOE+13 

O.lOOOOOOE-^13 

13. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.4790600E-03 

17275.6 

0.1426630E-05 

10207000.0 

0.0 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/ IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  I  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 
EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN) 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT) 
EHD  FILM  THICKNESS  (IN) 


50000000.0 

50000000.0 

0.28 

0.27 


ELASTIC  MODULUS  OF  BODY  1  (PSI) 
ELASTIC  MODULUS  OF  BODY  2  (PSI) 
POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 


0.375 

O.lOOOOOOe-i-13 

0.1000000E-i>13 

0.1000000E-M3 

11. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.4406720E-03 

15891.2 

0.1228780E-05 

10006200.0 

0.0 

50000000.0 

50000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

8. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.3758060E-03 

13552.1 

0.9236410E-06 

9644510.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-i-13 

0.1000000E^13 

O.lOOOOOOE+13 

8. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.3430620E-03 

14845.6 


RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN)  ^ 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT)  \  (, 
EHD  FILM  THICKNESS  (IN)  - 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 

DEFLECTION  (IN)  / 

STIFFNESS  (LB/IN  FOR  POINT  CONTACT;  PSI  FOR  LINE  CONTACT)  )  *7 
EHD  FILM  THICKNESS  (IN)  _ 

ELASTIC  MODULUS  OF  BODY  1  (PSI) 

ELASTIC  MODULUS  OF  BODY  2  (PSI) 

POISSONS  RATIO  FOR  BODY  1 
POISSONS  RATIO  FOR  BODY  2 
RADIUS  OF  BODY  1  (IN) 

RADIUS  OF  BODY  2  (IN) 

CROWN  RADIUS  OF  BODY  1  (IN) 

CROWN  RADIUS  OF  BODY  2  (IN) 

LOAD  (LB  FOR  POINT  CONTACT;  LB/IN  FOR  LINE  CONTACT) 

EFF.  THICKNESS  OF  BODY  1  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFF.  THICKNESS  OF  BODY  2  FOR  LINE  CONTACT  DEFLECTION  (IN) 

EFFECTIVE  SPEED,  (Ul+U2)/2  (IN/SEC) 

VISCOSITY  (REYNS) 

VISCOSITY-PRESSURE  COEFFICIENT  (IN/LB) 

MAJOR  HALF  WIDTH  (IN) 

MINOR  HALF  WIDTH  (IN) 

HERTZ  MAXIMUM  PRESSURE  (PSI) 


0.7840060E-06 

11338800.0 

0.0 

60000000.0 

60000000.0 

0.28 

0.27 

0.375 

O.lOOOOOOe-^13 

O.lOOOOOOE+13 

O.lOOOOOOE+13 

11. 

0.19 

0.5e-2 

0.0 

0.0 

0.0 

1000000.0 

0.4022760E-03 
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EXECUTIVE  SUMMARY 


This  program,  Contract  No.  S-9-316055  SAC,  was  sponsored  by  Hughes  Aircraft  Co.  It  was  a  continuation 
of  an  earlier  program  that  investigated  the  effect  of  friction  and  loads  on  predicting  shaft  runout  caused  by 
cyclic  loading  of  the  rubshoe-rod  interface.  Work  on  this  program  was  split  into  two  phases.  Phase  i  testing 
used  a  disk-on-disk  tribometer  to  investigate  the  influence  of  powder  lubricants  on  the  traction  coefficient 
between  two  ceramic  materials  -  Kyocera  silicon  nitride  (SigNJ  hot  pressed,  and  ESK  alpha  silicon  carbide 
(a  SiC)  post  hipped*.  Powder  lubricants  used  included  titanium  dioxide  (TiO^),  boron  nitride  (BN),  and 
molybdenum  disulfide  (MoS^).  Phase  II  testing  investigated  the  sliding  wear  characteristics  of  (a  SiC), 

SigN^,  and  an  SigN^  matrix  containing  varying  amounts  of  BN.  The  samples  were  studied  on  a  pin-on-disk 
tribometer  using  speed  and  temperature  as  variables. 

The  most  notable  results  of  the  Phase  I  investigation  were: 

•  Similarity  of  characteristic  curves  for  the  traction  force  versus  slide/roll  ratio  using  dry  powder  to 
characteristic  curves  using  liquid  lubricants 

•  Some  dry  powder  lubricants  had  substantially  lower  traction  coefficients  and  wear 

•  Measured  tractions  decreased  moderately  with  slip  speed  acKl  load  and  were  found  to  be  related 
to  the  type  of  powder-lubricant  used.  Collected  data  show  little  sensitivity  to  temperature. 

Results  of  the  Phase  II  testing  showed  dramatic  wear  of  the  elevated-temperature,  40%  BN  pin  sample 
compared  to  the  same  sample  at  ambient  temperatures.  The  elevated-temperature  sample  showed  total 
wear  over  1 ,000  times  (100,000%)  greater  than  the  sarrpie  tested  at  ambient  temperatures.  In  contrast, 
a  SiC  pins  showed  a  slight  decrease  in  wear  at  higher  temperatures  when  an  SigN^  disk  with  0%  BN  was 
used.  When  the  3.5%  BN  disk  was  used,  the  a  SiC  pin  showed  an  increase  in  wear  of  only  38.9%  at 
elevated  temperatures  compared  to  ambient  temperatures. 

The  coefficient  of  friction  was  significantly  lower  for  tests  using  SigN^  samples  compared  to  the  same 
tests  using  a  SiC  samples.  Wear,  however,  tended  to  be  greater  for  the  SigN^  samples.  The  addition  of 
BN  to  the  SigN^  samples  tended  to  increase  both  the  wear  and  the  coefficient  of  friction  regardless  of 
whether  BN  existed  in  the  disk,  the  pin,  or  both. 
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1.0  INTRODUCTION 


The  objective  o1  this  phase  of  the  program  was  to  investigate  the  influence  of  powder  lubricants  on  the 
traction  coefficient  between  two  ceramic  materials.  The  ceramic  materials  used  were  Kyocera  silicon 
nitride  (Si3N4),  hot  pressed;  and  ESK  alpha  silicon  carbide  (a  SiC),  post  hipped*.  The  powder  lubricants 
used  were  titanium  dioxide  (TiOg).  mtile  form;  boron  nitride  (BN),  hexagonal  form;  and  molybdenum  disul¬ 
fide,  (M0S2).  The  investigation  was  carried  out  using  a  disk-on-disk  machine  and  measurements  were 
made  for  a  range  of  loads  and  ambient  temperatures  up  to  1200°F.  A  matrix  of  the  test  conditions  is 
provided  in  Table  1. 


TABLE  1 .  Disk-On-Disk  Test  Conditions 


Lubricant 

Room  Tamporaturo 

3  800°F 

3 

1200‘’F 

n 

Load  (lb) 

4 

10 

IS 

20 

25 

5 

10 

20 

25 

5 

10 

IS 

20 

25 

m 

4* 

4 

D 

■ 

■ 

4 

2 

■ 

3 

2 

■ 

■ 

■ 

4 

3 

■ 

6 

3 

B 

■ 

8 

5 

■ 

BB 

6 

1 

1 

1 

1 

1 

B 

1 

B 

2 

1 

B 

2 

2 

’Number  of  repeated  tests 
"TiOj  -  Rutile  form,  <  2  pm 
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2.0  TEST  RIG  DISCRIPTION 


A  photograph  of  the  disk-on-disk  tribometer  used  for  Phase  I  testing  is  presented  in  Figure  1  *  and  a 
schematic  of  the  machine  is  given  in  Figure  2.  The  lower  disk,  mounted  on  spindle  A,  has  a  plain  cylindri¬ 
cal  form  with  a  radius  of  36  mm.  The  disk  material  for  the  tests  was  a  SiC.  The  upper,  crowned  disk  on 
spindle  B  has  a  major  radius  of  36  mm  and  a  crown  radius  of  14.4  mm.  For  the  tests,  the  crowned  disk 
was  made  from  SigN^.  With  this  arrangement,  it  was  possible  to  njn  up  to  three  series  of  tests  on  each  of 
the  plain  cylindrical  disks  by  changing  the  relative  axial  positions  of  the  disks  to  generate  separate  wear 
tracks.  The  design  methodology  and  dynamic  analysis  of  the  test  apparatus  is  given  in  Appendix  A.  The 
convention  used  to  identify  the  different  tracks  is  shown  in  Figure  3.  For  the  chosen  disk  materials  and 
geometries,  the  maximum  Hertz  stress  as  a  function  of  normal  load  is  given  in  Figure  4. 

As  shown  in  Figure  2,  spindle  A  is  rigidly  mounted  on  the  base  and  is  driven  by  a  variable-speed  electric 
motor  through  a  quill  shaft.  Spindle  B  is  driven  by  an  integral  air  turbine.  The  spindle  unit  is  suspended 
on  a  soft  spring,  but  is  restrained  by  hydrostatic  bearings.  These  bearings  operate  against  a  vertical 
member  which  is  integral  with  the  base.  The  hydrostatic  bearings  keep  the  axes  of  the  two  spindles  par¬ 
allel  but  present  virtually  no  resistance  to  the  vertical  motion  of  spindle  B.  During  the  initial  assembly,  the 
spindle  axes  were  set  up  parallel  to  each  other  and  were  aligned  in  a  vertical  plane.  This  ensured  that 
the  wear  tracks  generated  on  the  plain  cylindrical  disk  were  parallel  to  the  face  of  the  disk,  as  shown  in 
Figure  5.  In  operation,  the  disks  are  loaded  by  a  pneumatic  cylinder  that  pulls  down  on  spindle  B  through 
a  load  cell.  The  traction  force  is  measured  by  a  tangential  load  cell,  as  shown  in  Figure  2.  An  insulated 
oven  enclosure  surrounds  the  two  disks  to  control  the  environment  for  high-temperature  testing.  During 
the  tests,  temperatures  were  monitored  by  three  thermocouples  located  close  to  the  disks,  as  shown  in 
Figure  6. 

The  system  for  delivering  powder  lubricants  to  the  contact  zone  in  these  tests  is  based  on  a  conventional 
air  bmsh.  A  tube  from  the  airbnjsh  nozzle  penetrates  the  oven  wall  and  discharges  the  air/powder  mix¬ 
ture  approximately  1  in.  from  the  contact  zone.  Dry  air  is  supplied  to  the  unit  at  40  psi. 

Prior  to  operation,  the  suspension  spring  for  spindle  B  is  adjusted  so  that  the  disks  are  separated  from  each 
other  by  a  distance  of  90  to  100  pm  with  no  pressure  in  the  loading  cylinder.  Spindle  A  is  then  accelerated 
to  a  preselected  speed  that  is  maintained  throughout  the  test.  Spindle  B  is  then  accelerated  to  a  speed 
higher  than  that  of  spindle  A.  The  traction  test  is  started  by  applying  the  load,  which  brings  the  disks  into 
contact,  and  then  shutting  off  the  air  to  the  drive  turbine.  Spindle  B  subsequently  coasts  down  to  a  speed 
lower  than  that  of  spindle  A.  The  sequence  of  events  for  each  test  is  carried  out  automatically  by  a  rig  con¬ 
trol  and  data  acquisition  system  based  on  a  PC/AT  conrputer.  The  system  automatically  initiates  and  main¬ 
tains  the  speed  of  spindle  A,  sets  up  the  initial  speed  of  spindle  B.  applies  the  load,  and  shuts  off  the  air  to 
the  drive  turbine.  During  coastdown,  the  speed  and  traction  force  are  continuously  nmnitored  and  data  are 
stored  for  subsequent  analysis.  During  a  typical  5-  to  6-sec  coastdown,  1 .5  to  2  megabytes  of  data  are 
recorded  and  250  to  300  data  points  are  subsequently  extracted  from  this  raw  data.  During  coastdown, 
speed  and  traction  force  are  also  recorded  on  a  multichannel  magnetic  tape  recorder. 

Figure  7  is  an  overall  view  of  the  tribometer  and  test  cell  facilities.  Figure  8  shows  the  control  room  with 
the  control  and  data  acquisition  equipment.  Each  test  was  repeated  up  to  eight  times  to  verify  repeata¬ 
bility  of  the  traction  data. 


Figures  for  Phase  I  testing  are  appended  to  Section  4.0. 


3.0  TEST  RESULTS 


3.1  System  Checkout 

To  check  out  and  validate  the  system,  the  first  tests  were  carried  out  at  room  temperature  using  a  traction 
fluid  equivalent  to  20  wt  oil  as  lubricant.  The  results,  presented  in  Figure  9,  correlate  well  with  other  avail¬ 
able  data  for  the  same  oil*. 

Figure  9  includes  some  additional  data  that  are  valuable  in  comparing  and  classifying  different  traction 
curves.  These  quantities  are: 

Tq  =  Yield  shear  stress  (threshold) 

T,  =  Limiting  shear  stress 

Xy  »  Temperature  limiting  shear  stress 

a.,  =  Slope  at  maximum  traction 

Oj  =  Initial  slope  of  stable  portion  of  traction  curve. 

The  parameters  for  a  typical  traction  curve  are  defined  in  Figure  1 0. 

3.2  Unlubricated  Tests 

To  provide  a  baseline  for  assessing  the  advantages  of  powder  lubricants,  tests  were  carried  out  with  no 
lubricant  at  room  temperature  and  1200°F.  The  results  at  room  temperature  are  shown  in  Figures  1 1  and 
12  for  loads  of  4  and  10  lb  respectively.  The  different  loads  did  not  change  the  threshold  shear  stress. 
However,  at  the  higher  load  the  yield  shear  stress  was  slightly  lower  and  occurred  at  a  higher  sliding 
velocity.  With  the  4-lb  load,  the  traction  coefficient  approached  a  value  of  approximately  0.39  at  high 
sliding  velocities,  but  the  traction  coefficient  had  fallen  to  approximately  0.27  at  150%  slip  and  was  still 
decreasing. 

At  1200'’F  with  a  5-lb  load,  the  traction  coefficient  peaked  at  approximately  0.45  and  then  decreased 
slowly  as  the  slip  increased,  as  shown  in  Figure  13.  With  a  higher  load  of  10  lb,  the  traction  coefficient 
increased  to  a  value  slightly  in  excess  of  0.3  and  then  stayed  essentially  constant  (see  Figure  14).  At  the 
higher  load,  the  threshold  shear  stress  was  significantly  reduced. 

3.3  Tests  with  nOj 

The  traction  coefficient  data  generated  using  TiOj  as  lubricant  are  presented  in  Figures  15  through  18.  At 
room  temperature,  the  threshold  shear  stresses  were  significantly  lower  than  those  with  no  lubricant,  but  the 
yield  shear  stresses  were  essentially  the  same.  At  1200°F  and  5-lb  load  (see  Figure  17),  there  was  virtually 
no  change  in  the  yield  shear  stress,  but  at  1200‘’F  and  10  lb,  the  traction  curve  was  still  rising  to  its  peak  at 
the  highest  value  of  slip  (4.00%). 

The  wear  track  generated  on  the  plain  disk  during  the  room-temperature  tests  is  shown  in  Figure  19.  The 
photographs  were  taken  on  the  same  track  at  locations  180°  apart.  Photographs  of  the  wear  track  pro¬ 
duced  in  the  high-temperature  tests  are  given  in  Figure  20.  In  this  case,  the  wear  track  is  much  more 
clearly  defined.  The  dimension.  Dm,  marked  on  the  photographs,  is  the  apparent  major  Hertzian  diameter. 

During  initial  tests  with  TiO^  at  1200°F,  some  material  from  an  Inconel  718  thermocouple  was  inadvertently 
introduced  into  the  contact  zone.  While  this  was  not  a  planned  test,  the  results  have  been  included  be¬ 
cause  the  presence  of  the  Inconel  718  did  appear  to  have  a  signif'cant  effect.  As  shown  in  Figures  21  and 
22.  the  yield  shear  stresses  were  much  lower  than  those  with  just  TiOj  present.  The  wear  track  produced, 
shown  in  Figure  23,  also  had  a  distinctly  different  appearance. 


•Gupta,  P.K.,  Traction  Modeling  of  Military  Oils."  Technical  Report  G-104-86-TR,  prepared  for  AFAPU 
AFWAL,  January  1986. 
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3.4  Tests  with  BN 


The  traction  data  at  room  temperature  using  BN,  shown  in  Figures  24  and  25.  gave  yieid  shear  stresses 
that  were  much  lower  than  those  for  the  unlubricated  tests.  At  1200°F  (see  Figures  26  and  27),  the  yield 
shear  stresses  were  more  comparable  to  the  unlubricated  data. 

At  room  temperature,  damage  to  the  surface  of  the  plain  disk  was  not  excessive,  as  shown  in  Figure  28 
At  1200°F,  the  wear  track  showed  significant  damage  with  particles  of  the  BN  powder  embedded  in  the 
track  (see  Figure  29).  The  crowned  disk  suffered  similar  damage,  as  shown  in  Figures  30  and  31. 

3.5  Tests  with  MoSj 

The  traction  data  using  MoSj  at  room  temperature  is  given  In  Figure  32.  This  shows  a  progressive 
decrease  in  the  yield  shear  stress  with  increasing  load.  The  same  holds  for  the  traction  data  at  800°F 
and  1200°F  given  in  Figures  33  through  36.  In  all  cases,  the  threshold  shear  stress  was  zero,  which  is 
what  might  be  expected  with  a  liquid  lubricant.  The  yield  shear  stresses  were  also  an  order  of  magnitude 
less  than  those  measured  with  no  lubricant  and  with  TiOj  and  BN.  Overall,  the  traction  curves  with  MoSj 
lubrication  indicate  that  the  powder  performs  in  a  manner  very  similar  to  liquid  lubricants. 

The  wear  tracks  using  MoSj  on  the  plain  disk  and  the  crowned  disk  are  shown  in  Figures  37  through  39. 


4.0  CONCLUSIONS 


•  Tests  with  oil  of  known  characteristics  showed  that  the  disk-on-disk  trttiometer,  with  its  automated 
control  and  data  acquisition  system,  produced  accurate  traction  data. 

•  The  TiOj  powder  lubricant  changed  the  shapes  of  tfw  traction  cunres.  Compared  with  the  unlubricated 
data,  the  powder  reduced  the  traction  coefficients  at  low  slip  ratios  but  it  did  not  have  any  significant 
effect  on  the  yield  shear  stresses. 

•  When  Iconel  718  Wcis  inadvertently  mixed  with  TiOj  powder,  the  yield  shear  stress  was  lower  than  with 
TiOj  alone. 

•  At  room  temperature,  BN  powder  gave  lower  traction  coefficients  than  both  the  unlubricated  case  and 
when  lubricated  with  TiOj.  At  1 200®F,  the  BN  powder  gave  traction  coefficients  similar  to  the  unlubri¬ 
cated  condition  and  there  was  heavy  damage  in  the  wear  tracks. 

•  The  traction  characteristics  of  the  MoSj  powder  were  c^ite  different  compared  to  the  other  two  pow¬ 
ders.  The  MoSj  powder  gave  zero  threshold  shear  stress  and  low  traction  coefficients  under  all  test 
conditions.  Overall,  the  behavior  of  the  powder  and  the  magnitude  of  the  traction  coefficients  were 
very  similar  to  those  seen  with  liquid  lubricants. 

•  Due  to  the  short  duration  of  each  test,  the  amount  of  wear  that  took  place  on  the  disks  was  too  small 
to  measure  accurately.  Therefore,  the  data  reported  should  only  be  used  to  compare  the  traction 
characteristics  of  the  powder  lubricants  with  the  chosen  combination  of  disk  materials. 

•  Changes  in  the  composition  and  processing  of  ceramic  materials  can  affect  both  traction  and  wear 
properties.  Therefore  the  data  generated  in  the  program  may  not  be  valid  for  equivalent  ceramic 
materials  from  other  sources. 
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Figure  1.  Overall  View  of  Disk-On-Disk  Tribometer 
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Figure  2.  Schematic  of  Disk-On-Disk  Tribometer 


ME  (Side  Closest  to  Drive) 


IE  (Side  Closest  to  Drive) 


90097 


Figure  3.  Wear  Track  Identification  Convention 
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Figure  4.  Contact  Pressure  vs.  Applied  Load 
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Figure  5.  Initial  Spindle  Alignment 
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Figure  6.  Thermocouples  Close  to  Disks 


Figure  7.  Test  Cell  Installation 


O-ZO 


V9-200 


Figure  8.  Control  and  Data  Acquisition  System 
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Figure  9.  Traction  Coefficient  Data  for  Oil 
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Figure  10.  Definition  of  Traction  Curve  Parameters 
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Figure  16.  Traction  Data,  TlOg,  Room  Temperature.  Load  -  10  lb 
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Figure  18.  Traciton  Data.  TIOj,  Temp«rature  -  1200®F,  Load  - 10  lb 
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Figure  19.  Wear  Track  for  TjOj,  Room  Temperature,  Loads  *  4  and  10  lb 
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Figure  21 .  Traction  Data  for  TlOj/lnoonel  718  Stick  Lube,  Temperature  -  1200'‘F.  Load  -  5  ib 
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Figure  22.  Traction  Data  for  TiOj/Inconel  718  Stick  Lube,  Temperature  -  1200®F,  Load  «  10  lb 
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Figure  23.  Wear  Track  for  TiOj-  Inconel  718  Stick  Lube,  Temperature  =  1200®F,  Loads  =  5  and  1 0  lb 
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Figure  24.  Traction  Data,  BN,  Room  Temperature,  Load  =  4  lb 
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Figure  28.  Wear  Track  for  BN,  Room  Temperature,  Loads  *  4 
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Figure  29.  WearTrackfor  BN.  Temperature  =  IZOO^F,  Loads  =  5  and  10  lb 


o-4l 


Maxmjm  Track  Width 


^  ■—  — < 

^  Crown  Disk:  22A 
Location:  0° 


ME  Side 


'  (L5668-11) 

*20oir  Crown  Disk:  22A 
Location:  90° 


ME  Side 


(L566-10) 

200  m  Crown  Disk:  22A 
Location:  180° 


ME  Side 


(L566-9) 


V9-192 


Figure  30.  Wear  Track  on  Crowned  Disk  with  BN,  Temperature  =  1200°F,  Loads  »  5  and  10  lb 
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Figure  31 .  Higher  Magnification  of  Wear  T rack  on  Crowned  Disk  with  BN, 
Temperature  *  1200*F,  Loads  ■  5  arxJ  10  lb 
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Figure  32.  Traction  Data,  MoSj,  Room  Temperature,  Loads  -  4, 10, 15, 20,  and  25  lb 
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Figure  34  Traction  Data,  MoSj,  Temperature  -  800°F,  Loads  -  15, 20,  and  25  lb 
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Figure  35.  Traction  Data,  MoS. 
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Figure  37.  Wear  Track  for  MoSj.  Room  Temperature  to  1200°F,  Load  =  4  to  25  lb 
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Figure  38.  Wear  Track  on  Crowned  Disk  with  MoSj,  Room  Temperature  to  1200®F,  Load  =  4  to  25  lb 


0-51 


m 


- Manmum  Track  Wkth - 

i  t* 


Crown  Disk:  21 A 
Location:  180° 


ME  Side 


(L563-29) 


V9-197 


Figure  39.  Higher  Magnification  of  Wear  Track  on  Crowned  Disk  with  MoSg, 
Room  Temperature  to  laOD^F,  Load  -  4  to  25  lb 
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Wear  and  Friction  Properties  of 
Siiicon  Nitride  and  Alpha  Silicon  Carbide 


5.0  INTRODUCTION 


The  objective  of  this  phase  of  the  test  program  was  to  determine  the  most  wear-resistant  combination  of 
the  ceramic  materials  supplied  by  Hughes.  In  particular,  the  effects  of  adding  BN  to  a  SigN^  matrix  were 
investigated.  In  addition,  the  friction  coefficients  for  eadi  combination  of  materials  were  explored. 
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6.0  TEST  RIG  DESCRIPTION 


The  sliding-wear  tritx>meter  shown  in  Figure  40*  has  a  water-cooled  support  spindle  to  oiinimize  bearing 
temperatures  and  to  allow  the  rotor  to  operate  at  speeds  up  to  50,000  rpm  and  ISOO^F.  Auxiliary  cooling 
is  used  during  high-temperature  and  high-speed  conditions  because  a  rotor  long  enough  to  provide 
thermal  isolation  cannot  achieve  acceptable  dynamic  behavior.  Friction  and  wear  studies  have  been 
conducted  on  the  tester  shown  in  Figure  40  at  shaft  speeds  up  to  30,000  rpm,  or  at  an  equivalent  surface 
speed  of  3,000  in./sec. 

In  addition  to  rotor  dynamic  and  thermal  isolation  considerations,  the  testing  design  ensures  that  dynamic 
loads  are  minimized.  When  friction  and  wear  tests  are  conducted  on  the  tribometer  shown  in  Figure  40, 
any  runout  in  disk  motion  will  produce  an  additional  load  due  to  the  inertia  of  the  static  pin  sample. 
Therefore,  rotating  sample  mnout  must  be  kept  to  a  minimum  (usually  within  0.0001  in.);  this  also  holds 
for  the  weight  of  the  static  sample  and  the  sample  holder. 

Although  dynamic  loads  will  always  be  present  in  high-speed  testing,  careful  calculations  permit  the  loads 
to  be  taken  into  account  wh^n  data  are  interpreted.  Similarly,  friction-induced  dynamic  vibration  of  the 
static  pin  sample  must  be  avoided  if  reliable  friction  and  wear  data  are  to  be  obtained. 


‘Figures  for  Phase  ll  testing  are  appended  to  Section  9.0. 


7.0  TEST  PROCEDURE 


The  materials  tested  during  pin-on-disk  wear  tests  were  supplied  by  Hughes  and  consisted  of: 

•  Three  a  SiC  disks 

•  One  SigN^  disk  containing  0.0%  BN 

•  One  SigN^  disk  containing  3.5%  BN 

•  SigN^  pins  containing  0.0%  BN 

•  SigN^  pins  containing  3.5%  BN 

•  SigN^  pins  containing  15.0%  BN 

•  SigN^  pins  containing  40.0%  BN 

•  a  SiC  pins  hipped 

•  a  SiC  pins  post  hipped. 

A  total  of  20  tests  were  attempted  on  the  5  disks  supplied  by  designating  4  separate  test  areas  on  each 
disk.  Table  2  contains  the  test  matrix  deveioped  to  maximize  the  number  of  variations  of  material  combi¬ 
nations  that  could  be  tested  within  the  time  constraints.  These  tests  were  intended  only  as  a  screening, 
with  further  testing  necessary  to  verify  the  results. 

TABLE  2.  Pin-On-Disk  Test  Matrix  and  Test  Results  Summary 


Test  No. 

Track 

Material 

Process 

Tamperature 

Commanta 

HU-1 

1 

40%  bn' 

Rat 

Ambient 

7000  rpm  Maximum  Speed 

Diski 

HU-2 

n 

40%  BN 

Rat 

1200*F 

Destro^ 

oSiC  (Hipped) 

HU-3 

40%  BN 

Edge 

Ambient 

Destroyed 

HU-4 

H 

40%  BN 

Edge 

1200"? 

Destroyed 

HU-5 

1 

3.5%  BN 

Edge 

Ambient 

Completed 

sic' 

Disks 

Disk  2 

HU-6 

n 

40%  BN 

Edge 

Ambient 

Completed 

oSiC  (Hipped) 

HU-7 

(X3MBAT 

Edge 

Ambient 

Completed 

HU-e 

H 

40%  BN 

Edge 

1200"? 

1000  rpm  Maximum  Speed: 
Pin  Wore  Out 

HU-9 

1 

SiC 

Hipped 

Ambient 

Inconclusive 

Disks 

HU-10 

mm 

15%  BN 

Edge 

Ambient 

Completed 

oSiC  (Hipped) 

HU-11 

SiC 

Post  Hipped 

Ambient 

5000  rpm  Maximum  Speed 

HU-12 

n 

SiC 

Hipped 

Ambient 

7000  rpm  Maximum  Speed 

HU- 13 

1 

0%BN 

Rat 

Ambient 

Completed 

Disks 

HU-14 

40%  BN 

Rat 

Ambient 

Completed 

0%  BN  in  Disk 

HU-15 

^9 

oSiC 

Hipped 

Ambient 

7000  rpm  Maximum  Speed 

sin' 

HU-16 

n 

oSiC 

Hipped 

1200*F 

Completed 

Disks 

HU-17 

1 

0%BN 

Rat , 

Ambient 

7000  rpm  Maximum  Speed 

Disks 

HU-18 

n 

40%  BN 

Rat 

Ambient 

Completed 

3.5%  BN  in  Disk 

HU-19 

^9 

oSiC 

Hipped 

Ambient 

Completed 

HU-20 

H 

oSiC 

Hipped 

_ 

1200*F 

Completed 

’silicon  Carbide 
^Silicon  Nitride 
^Boron  Nitride 


7.1  Load 


A  Hertzian  contact  stress  of  between  1.29  x  10‘  and  1.61  x  10^  psi,  depending  on  the  materials,  was 
developed  in  the  initial  contact  area  at  the  start  of  each  test.  This  stress  decreases  as  wear  occurs  on 
the  test  specimens. 

7.2  Speed 

There  were  five  distinct  speeds  used  for  this  testing: 

•  3.990  m/sec  (1000  rpm,  157.08  in./sec) 

•  1 1 .969  m/sec  (3000  rpm,  471 .24  in./sec) 

•  19.949  m/sec  (5000  rpm,  785.40  in7sec) 

•  27.929  m/sec  (7000  ri)m,  1099.56  in7sec) 

•  35.908  m/sec  (9000  rpm,  1413.72  inVsec). 

During  each  test,  the  test  pin  was  lifted  from  the  surface  of  the  disk  and  speed  was  increased  from  0  to 
1 000  rpm.  The  test  pin  was  then  lowered  to  the  surface  of  the  disk  and  the  speed  was  maintained  for 
3  min.  After  that  time,  the  speed  was  slowly  increased  to  the  next  speed  range  (3000  rpm)  and  held  for 
3  min.  This  sequence  was  repeated  until  the  specimen  ran  for  3  min  at  9000  rpm.  At  that  time,  the  pin 
was  lifted  and  the  spindle  was  shut  down. 

7.3  Temperature 

Two  temperatures  were  used  during  this  testing  —  ambient,  and  approximately  1200‘’F.  The  majority  of 
the  screening  was  done  at  ambient  temperatures,  with  the  final  testing  of  the  lowest  wear  sample  of  each 
variation  conducted  at  1200”F. 
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8.0  RESULTS 


In  general,  compared  to  the  a  SiC  pins,  the  SigN^  pins— with  and  without  the  BN  additive  —  had  a  sig¬ 
nificantly  lower  frictional  force  when  running  against  either  SigN^  or  a  SiC  disks.  The  wear  on  the  SigN^ 
pins,  however,  was  significantly  greater  than  the  a  SiC  pins,  especially  at  elevated  temperatures.  In  fact, 
at  elevated  temperatures  (1200°F),  the  volumetric  wear  on  the  SigN^  pins  was  almost  200  times  greater 
than  the  equivalent  wear  on  a  SiC  pins. 

8.1  Pin  Wear 

Pin  wear  was  evaluated  using  three  different  measurement  methods.  The  first,  and  most  direct  method, 
used  a  capacitance  probe  to  directly  measure  the  linear  wear  of  the  pin  during  the  test  and  record  the 
measurements  on  a  strip-chart  recorder.  There  are  two  inherent  problems  with  these  measurements. 
First,  a  linear  measurement  is  a  poor  representation  of  actual  wear.  Since  the  pin  has  a  spherical  nose, 
the  actual  wear  is  a  cubic  function  of  the  measured  wear.  Second,  due  to  the  test  rig  design  it  was  im¬ 
possible  to  measure  linear  wear  during  high-temperature  tests.  Figures  4i  through  44  show  strip-chart 
recordings  describing  the  linear  wear  of  the  pin  for  one  disk.  The  results  of  tests  HU-1 7  through  HU-20 
are  typical  of  the  measurements  for  each  disk. 

The  second  assessment  of  pin  wear  was  made  by  microscopically  measuring  the  wear-scar  diameter  on 
the  pin  after  testing.  The  advantage  of  this  measurement  is  that  it  can  be  used  on  all  tests  regardless  of 
temperatures.  The  disadvantage  is  that  it  can  only  be  used  after  the  test  is  completed.  Thus,  wear 
measurements  as  a  function  of  speed  were  impossible  to  obtain  and  the  measurements  were  still  linear. 
Figures  45  through  60  are  photographs  of  magnified  (x30)  wear  scars  on  the  pins. 

Certain  tests  were  suspended  for  various  reasons.  Tests  HU-2, 3,  and  4  were  never  run  due  to  extensive 
damage  to  the  disk.  Test  HU-8  was  aborted  after  less  than  a  minute  because  excessive  wear  was  detected 
by  the  force  sensor.  During  Test  HU-9,  the  pin  suii^rt  amn  of  the  test  rig  contacted  the  wear  probe, 
which  removed  the  load  from  the  pin.  This  caused  an  inconclusive  test.  Tests  HU-1 1,12,15,  and  1 7 
were  stopped  at  various  stages  because  the  wear  on  the  pin  exceeded  the  allowable  range  of  wear 
measurement. 

The  third  technique  for  evaluating  pin  wear  was  to  weigh  the  pins  before  and  after  testing.  This  technique 
eliminated  linear  measurements,  but  the  very  small  differences  in  weight  before  and  after  testing  left  some 
question  as  to  the  reliability  of  this  technique.  These  errors  in  weight  measurement  were  mainly  due  to  the 
inability  of  the  scale  to  measure  the  pins  with  enough  accuracy  to  enable  two  relatively  large  numbers  to  be 
subtracted  to  yield  a  small  result  'er?  =  HU-16  yielded  0.5988  -  0.5970  »  0.0018  g).  It  should  be  noted 

that  the  0.1%  full-scale  accuracy  balance  used  would  be  expected  to  have  an  error  of  up  to  ±0.0010  g  per 
reading  for  the  settings  used.  Thus,  in  the  example  from  Test  HU-16,  the  result  would  be  0.0018  g  ±  0.0020  g, 
which  leaves  the  results  questionable. 

Because  of  the  various  mbbing  distances  of  disk-pin  contact  during  each  test  and  the  different  measured 
parameters  available  for  the  hot  and  cold  testing,  a  Volumetric  Vlfear  Factor  (VWF)  was  devised  to  enable 
all  the  tests  to  be  compared  equally.  The  VWF  was  determined  by  calculating  the  volume  of  the  pin  worn 
away  per  thousand  surface  meters  of  rubbing  contact.  The  volume  worn  away  was  determined  by  calcu¬ 
lations  based  on  the  total  measured  linear  wear,  where  available,  and  the  average  wear  scar  diameter  for 
a  given  pin.  These  two  calculations  were  compared  and  found  to  be  in  reasonable  agreement.  The  vol¬ 
ume  of  material  removed,  calculated  using  the  average  wear  scar  diameter  (available  for  all  tests),  was 
then  divided  by  the  number  of  thousand  surface  meters  of  mbbing  contact  to  yield  the  VWF; 


where: 


M,  =  quantity  of  material  renroved  (cubic  meters) 

»  sliding  distance  (meters) 

Nt  =  load  at  pin/disk  interface  (Newtons) 

Table  3  summarizes  these  results  and  compares  the  wear  capabilities  of  the  various  material  combinations. 

As  Table  3  shows,  a  SigN^j  pin  with  40%  BN  demonstrated  remarkably  long  wear  at  ambient  temperatures, 
but  had  extraordinarily  high  wear  (over  1000  times  higher)  at  elevated  tennperatures.  Table  3  also  shows 
the  lower  wear  of  the  on-edge  orientation  as  opposed  to  the  flat  orientation  of  the  SigN^  crystals  (see  differ¬ 
ences  in  Tests  HU-1  and  HU-6).  In  addition,  the  relatively  high  wear  of  COMBAT  BN  as  compared  to  the 
SigN^  is  seen  in  the  results  of  test  HU-7. 

TABLE  3.  Pin  Volumetric  Wear  Factor 


Test 

Number 

Dlsk/PIn 

HU-1 

oSiC  '/SiNf  40%  BN^  (Flat) 

HU-5 

oSiC/SiN,  3.5%  BN  (Edge) 

HU-6 

oSiC/SiN,  40%  BN  (Edge) 

HU-7 

COMBAT 

HU-8 

oSiC/SiN,  40%  BN  (Edge) 

HU-10 

oSiC/SiN.  15%  BN  (Edge) 

HU-11 

oSiC/SiC  (Post  Hipped) 

HU-12 

oSiC/SiC  (Hipped) 

HU-13 

SiN/SiN,  0%  BN  (Flat) 

HU-14 

SiN/SiN,  40%  BN  (Flat) 

HU-15 

SiN/SiC  (Hipped) 

HU-16 

SiN/SiC  (Hipped) 

HU-17 

SiN,  3.5%  BN/SiN,  0%  BN  (Flat) 

HU-18 

SiN.  3.5%  BN/SiN.  40%  BN  (Flat) 

HU-19 

SiN.  3.5%  BN/SiC  (Hipped) 

HU-20 

SiN.  3.5%  BN/SiC  (Hipped) 

VolunMlilc  Wmt  Factor  (In.) 


'silicon  Carbide 
^Silicon  Nitride 
^Boron  Nitride 


Temperature 

(°F) 


Ambient 

Ambient 

Ambient 

Ambient 

1200 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

Ambient 

1200 

Ambient 

Ambient 

Ambient 

1200 


All  values  expressed  in  ([M*l/INt-M])  x  10 
where  M  •  ^toters  and  Nt  -  Newtons 


8.2  Disk  Wear 


Wear  tracks  were  examined  optically  and  measured  using  a  standard  profilometer.  The  profilometer 
results  in  Figures  61  through  65  show  the  average  track  worn  in  each  disk  to  be  in  the  order  of  0.20  in. 
wide.  No  definite  conclusions  can  be  drawn  regarding  material.  Wear  track  depths  of  about  60  pin.  were 
typically  experienced  regardless  of  the  disk  material  or  test  conditions.  Figures  66  through  70  show 
photographs  (xl  0)  of  each  of  the  five  disks. 

8.3  Frictional  Force 

Frictional  loads  were  measured  during  the  testing  and  were  recorded  using  a  data  acquisition  system 
and  using  a  strip-chart  recorder.  Figures  41  through  44  are  copies  of  the  strip-chart  recordings  for  Tests 
HU-17  through  HU-20.  These  figures  are  typical  of  all  the  results  and  show  a  high  initial  force  corre¬ 
sponding  to  the  high  initial  wear  rate,  rapidly  reducing  to  a  lower  force  with  a  very  low  slope.  The  high 
forces  and  wear  rates  also  correspond  to  the  1000-tpm  test  speed.  Whether  this  is  coincidental  or 
symptomatic  is  unknown  since  both  the  higher  wear  rate  and  load  could  also  be  caused  by  the  high 
Hertzian  stresses  of  the  initial  contact.  Figure  71  is  a  plot  of  frictional  force  versus  linear  wear  of  the  pin 
for  Tests  HU-17  through  HU-19  and  is  typical  of  all  the  tests. 

The  results  of  Tests  HU-17  through  HU-20  are  of  interest  because  they  show  that  an  o  SiC  pin  (HU-19)  pin 
has  a  lower  frictional  force  than  an  SigN^  pin  (HU-17)  until  at  least  50%  of  the  total  wear  on  the  pin  has  oc¬ 
curred  (HU-1 7).  When  BN  is  present,  the  frictional  force  for  a  given  amount  of  wear  is  always  lower.  This  is 
tme  even  though  the  coefficient  of  friction,  shown  in  Table  4,  is  higher  for  a  SiC.  Generally,  the  wear  expe¬ 
rienced  by  the  a  SiC  pins  was  erK>ugh  lower  than  that  of  the  SigN^  pins  to  offset  any  advantages  ot  lower 
friction  coetficient  if  wear  is  the  primary  evaluation  criteria. 

TABLE  4.  Coefficients  of  Friction 


Teal 

Number 

Dlsk4>ln 

Speed  (rpm) 

Average 

Average 

Standard 

Deviation 

3000 

5000 

7000 

_ 

9000 

HU-1 

oSiC  '/SiN^.  40%  BN^  (Flat) 

0  266 

M 

0073 

N/A 

0.150 

0086 

HU-5 

oSiC/SiN,  3.5%  BN  (Edge) 

0.240 

0.172 

0.256 

0.203 

0.091 

HU-6 

oSiC/SiN,  40%  BN  (Edge) 

0.134 

0.099 

0.088 

0.117 

0.110 

0.086 

HU-10 

oSiC/SiN,  15%  BN  (Edge) 

0.227 

0.180 

0.132 

0.100 

0  159 

0.084 

HU-11 

oSiC/SiC  (Post  Hipped) 

0.507 

0.321 

0.261 

N/A 

0.363 

0.081 

HU-12 

oSiC/SiC  (Hipped) 

0.481 

0.310 

0.238 

N/A 

0.343 

0.085 

HU-13 

SiN/SiN,  0%  BN  (Flat) 

0.070 

0.057 

0.036 

0.023 

0.046 

0.079 

HU-14 

SiN/SiN,  40%  BN  (Flat) 

0.091 

0.061 

0.039 

0.015 

0052 

0.079 

HU- 15 

SiN/SiC  (Hipped) 

0.378 

0.297 

0.161 

N/A 

0.249 

0.086 

HU- 16 

SiN/SiC  (Hipped) 

0.477 

0.394 

0.416 

0.418 

0.426 

0.092 

HU-17 

SiN,  3.5%  BN/SiN,  0%  BN  (Flat) 

0.078 

0.060 

0.050 

0.073 

0.062 

0.081 

HU-18 

SiN,  3.5%  BN/SiN,  40%  BN  (Flat) 

0.115 

0049 

N/A 

N/A 

0.062 

0.075 

HU-19 

SiN.  3.5%  BN/SiC  (Hipped) 

0.360 

0.209 

0.138 

0.101 

0.202 

0.093 

HU-20 

SiN,  3.5%  BN/SiC  (Hipped) 

0.537 

0.477 

0.496 

0.507 

0.504 

0088 

’silicon  Carbide 
^Silicon  Nittkie 
^Boron  Nitride 


Table  4  was  generated  from  data  collected  by  the  automatic  data  collection  system.  This  system  collects 
and  reduces  speed  and  load  cell  output  using  a  100-kHz  sampling  rate  and  dumps  all  new  data  to  hard 
disk  every  two  seconds.  A  sample  output  of  this  system  is  shown  in  Appendix  B. 

A  normalized  contact  shear  stress  (x)  was  calculated  by  dividing  the  average  frictional  force  by  the  final 
contact  area.  These  values  are  given  in  Table  5  for  the  different  material  combinations  studied. 

TABLE  5.  Normalized  Contact  Shear  Stress  (x)' 


Pin 

Material 

Disk  Material 

SIC 

n 

SIN, 

3.5%  BN 

SIN.  40%  BN  (Flat) 

13.1 

13.8 

23.4 

SiN,  3.5%  BN  (Edge) 

36.5 

SiN,  40%  BN  (Edge) 

35.1 

Ambient 

SIN,  15%  BN 

26.2 

Condlliona 

SiC  (Hipped) 

115.1 

16.5 

SiC  (Post  Hipped) 

102.0 

54.5 

SiN.  0%  BN 

17.9 

13.1 

SiN.  40%  BN  (Edge) 

■1 

1200“F 

SiC  (Hipped) 

93.1 

SiC  (Hipped) 

n 

144.1 

't  >  Frictional  force  *  contact  area  of  wear  scar. 
Expressed  in  Newtons  per  square  meter. 


0-61 


9.0  CONCLUSIONS 


The  results  of  this  testing  indicate  that  a  SiC  wears  less  than  SijN^,  especially  at  elevated  temperatures. 
The  addition  of  BN  tends  to  exaggerate  this  difference  in  wear.  However,  Si3N^  had  a  significantly  lower 
coefficient  of  friction  than  a  SiC.  The  data  scatter  seems  to  overwhelm  the  effect  of  BN  added  to  Si3N4 
on  friction  coefficient.  Indications  are,  however,  that  BN  tends  to  increase  the  friction  coefficient  slightly, 
at  least  at  ambient  temperatures.  The  combined  effect  of  increased  or  comparable  friction  with  BN  addi¬ 
tion  to  the  SigN^,  coupled  with  increased  wear,  gives  these  materials  an  undesirable  combination  of 
properties.  The  hope  that  BN  additions  would  be  lubricious  and  reduce  friction  at  the  expense  of  added 
wear  was  not  supported  by  the  test  data.  In  general,  the  edge-cut  BN  samples  had  lower  wear  than  the 
flat-cut  samples. 

Because  of  the  limited  testing  attempts  arxf  the  number  of  variables  of  interest,  additional  testing  should 
be  undertaken  to  establish  any  type  of  statistical  confidence  in  the  results  shown. 


Figure  40.  High-Speed,  High-Temperature  Test  Rig  (Tribometer) 


SIN.  0%  BN 


o-€4 


Figure  41.  Str^CI 


SiC,  Hipped 


Figure  43.  Strip  Chart  Recording  for  Test  HU-19 


SiC,  Hipped 


Figure  44.  Strip  Chart  Recording  for  Test  HU-20 


Lay  on  SiC  Disk  at  Ambient  Temperature) 


Lay  on  SiC  Disk  at  Ambient  Temperature) 


Test  HU-6 


Figure  47.  Pin  Wear  (SiN  with  40%  BN;  Edge  Lay  on  SiC  Disk  at  Ambient  Temperature) 

Test  HU-7 


Figure  48.  Pin  Wear  (COMBAT  BN  on  SiC  Disk  at  Ambient  Temperature) 


V90-26 


Test  HU-10 


Test  HU-11 


Figure  51 .  Pin  Wear  (SiC,  Post  Hipped,  on  SiC  Disk  at  Ambient  Temperature) 


0-71 


V90-28 


Test  HU-12 


Figure  52.  Pin  Wear  (SiC,  Hipped,  on  SiC  Disk  at  Ambient  Temperature) 


Test  HU-13 


Figure  53.  Pin  Wear  (SiN;  Flay  Lay  on  SiN  Disk  at  Ambient  Temperature) 


0-72. 


V90-29 


Test  HU-14 
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Figure  54.  Pin  Wear  (SiN;  Fiay  Lay  with  40%  BN  on  SiN  Disk  at  Ambient  Temperature) 


Figure  55.  Pin  Wear  (SiC,  Hipped,  on  SiN  Disk  at  Ambient  Temperature) 
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Test  HU-18 


Test  HU-19 


Figure  59.  Pin  Wear  (SiC,  Hipped,  on  SiN  Disk  with  3.5%  BN  at  Ambient  Temperature) 


o-7r 


vgo-32 


Test  HU-20 


V90-33 


Figure  60.  Pin  Wear  (SiC,  Hipped,  on  SiN  Disk  with  3.5%  BN  at  IZOO^F) 
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Disk  No.:  1 

Disk  Material:  oSiC  Post  Hipped 
Magnification:  x10 


12  3  4 

V  _  -V 

These  Tracks 
Not  Tested 


Test  No. 

Description 

Track  No. 

Wear  (In.) 

HU-1 

aSiC/SiN,  40%  BN  (Rat) 

1 

0.025 

90281 


Figure  61.  SiC  (Post  Hipped)  Disk  Wear,  Disk  1 


0-77 


90280 


Figure  62.  SiC  (Post  Hipped)  Disk  Wear;  Disk  2 


0.7« 


Test  No. 

Description 

Track  No. 

Wear  (In.) 

HU-9 

aSiC/SiC  (Hipped) 

1 

HU-10 

aSiC/SiN,  15%  BN  (Edge) 

2 

HU-11 

aSiC/SiC,  (Post  Hipped) 

3 

HU-12 

aSiC/SiC  (Hipped) 

4 

0.018 

’Incondusiva 


90279 


Figure  63.  SiC  (Post  Hipped)  Disk  Wear;  Disk  3 
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Disk  No.:  4 

Disk  Material:  0%BN 

Magnification:  xio 


Test  No. 

Description 

Track  No. 

Wear  (in.) 

HU-13 

SiN/SiN,  0%  BN  (Flat) 

1 

0.016 

HU-14 

SiN/SiN,  40%  BN  (Rat) 

2 

0.025 

HU-15 

SiN/SiC  (Hipped) 

3 

0.024 

HU-16 

SiN/SiC  (Hipped) 

4 

0.040 

90277 


Figure  64.  SiN  (0%  BN)  Disk  Wear;  Disk  4 
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Test  No. 

Description 

Track  No. 

Wear  (in.) 

K^9i 

SiN,  3.5%  BN/SiN,  0%  BN 

1 

0.0609 

EBn 

SiN,  3.5%  BN^SiN,  40%  BN 

2 

ESS 

SiN,  3.5%  BN/SiC  (Helped) 

3 

0.0593 

HU-20 

SiN,  3.5%  BN/SiC  (Hipped) 

4 

00278 


Figure  65.  SiN  (3.5%  BN)  Disk  Wear;  Disk  5 


Test  No. 

Description 

Track  No. 

Wear  (in.) 

HU-1 

oSiC/SiN.  40%  BN  (Rat) 

1 

0.025 

Figure  66.  Photo  of  Disk  1  Wear 
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veo-20 


Track 

1 


Track 

2 


Track 

3 


Track 
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Test  No. 

Description 

Track  No. 

Wear  (In.) 

HU-5 

aSiC/SiN,  3.5%  BN  (Edge) 

1 

0.014 

HU-6 

oSiC/SiN.  40%  BN  (Edge) 

2 

0.017 

HU-7 

aSiC/SiN  (COMBAT) 

3 

0.015 

HU-8 

aSiC/SiN,  40%  BN  (Edge) 

4 

0.036 

Figure  67.  Photo  of  Disk  2  Wear 


0-n 


V90-21 


Track  Track  Track 

1  2  3 


Track 

4 


Test  No. 

Description 

Track  No. 

Wear  (In.) 

HU-9 

aSiC/SiC  (Hipped) 

1 

0.005* 

HU-10 

aSiC/SiN,  15%  BN  (Edge) 

2 

0.023 

HU-11 

aSiC/SiC,  (Post  Hipped) 

3 

0.020 

HU-12 

aSiC/SiC  (Hipped) 

4 

0.018 

‘Inconclusive 


Figure  68.  Photo  of  Disk  3  Wear 
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Test  No. 

Description 

Track  No. 

Wear  (In.) 

HU-13 

SiN/SiN,  0%  BN  (Flat) 

1 

0.016 

HU-14 

SiN/SiN,  40%  BN  (Flat) 

2 

0.025 

HU-15 

SiN/SiC  (Hipped) 

3 

0.024 

HU-16 

SiN/SiC  (Hipped) 

4 

0.040 

Figure  69.  Photo  of  Disk  4  Wear 
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V90-23 


Test  No. 

Description 

Track  No. 

Wear  (in.) 

HU-17 

SiN,  3.5%  BN/SiN,  0%  BN 

1 

0.0609 

HU-18 

SiN,  3.5%  BN/SiN,  40%  BN 

2 

0.0640 

HU-19 

SiN,  3.5%  BN/SiC  (Hipped) 

3 

0.0593 

HU-20 

SiN,  3.5%  BN/SiC  (Hipped) 

4 

0.0620 

Figure  70.  Photo  of  Disk  5  Wear 
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